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Existing Risks in
Organic Detection Instrumentation for
Planetary Applications

= Contamination, degradation and Planetary
Protection concerns:

= Commonly-used methods like pyrolysis and GC-MS use
high temperatures that cause degradation

= Native salts cause interference in analysis and degradation
reactions

o GC-MS requires derivatization reagents if molecules aren’t
volatile enough or stable enough

= Non-pyrolysis extractions and separations require organic
solvent —and waste must be securely controlled

= |aser desorption (as used in MOMA's LD-MS)
mitigates many of these issues -- no derivitization,
no perchlorate interference -- but laser ionization
can induce fragmentation



Unique Advantages of scCO, Extraction

Temperate O0) s = Supercritical CO, (scCO,)
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= CO,andH,O are both inert and “green”, and can typically be
vented to atmosphere without risk of organic contamination of
the target body (reducing planetary protection risks)



Inherent risks: sample site variability
(ice, brines, salt, regolith);
samples of low concentration and high complexity
MARS EUROPA




Our plan: develop an instrument to mitigate existing
organic detection challenges for planetary exploration.

Challenges for Organic
Detection in the Solar System

Need to extract from
aqueous and/or
mixed/unknown materials

Native organics can be very
dilute (ppb or ppt)

Mixtures of organics can be
very complex

Salt can lead to reduced
sensitivity in a mass
spectrometer

Technology Proposed to Mitigate | Status of
These Challenges Improvements

Use a support matrix for extraction
from aqueous or mixed samples

Implemented

Use a trap to preconcentrate them Implemented
into a small “plug” for analysis

Develop an end-to-end system with

supercritical CO2 chromatography to
separate these species for analysis

Implemented

Minimize salt transfer to the detector
by using a trap to attract polar

molecules.
[scCO2 extractions are unaffected by

salt.]

In Progress
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Extraction of complex organics from aqueous
samples for Ocean Worlds applications

* Sample (aqueous, solid or mixed) is e Chemical analysis with CO, and
manually placed in extraction vessel water is done sequentially
(sample carousel could be used in future) + Supercritical CO, is used for

» After sampleis placed in vessel, nonpolar analytes; water is used
everything is on-line and automated for polar analytes

using benchtop equipment
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1. Enabling Extraction from Aqueous Samples

We incorporate diatomaceous earth (mainly silica, cleaned and QA
tested for bioanalytical applications) for “supported liquid extraction” of
the aqueous (or mixed aqueous) samples. Our support material can
hold an aqueous sample of nearly twice its weight.

Fill 10 mL extraction Use a mixture of Load column with 4 mL Perform supported
column with sorbent standards to spike the spiked water. extraction

material (approx. 4 g) aqueous samples - 10 min equilibration/
static extraction

- 30 min dynamic _,
extraction




2. Improved Sensitivity by Preconcentration

Detector signal
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3. Separation of Organics: End-to-Enc

Mixture of heterocycles, PAHs, and acids in

Demonstration
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3. Separation of Organics: End-to-End Demonstration

Mixture of heterocycles, PAHs, and acids in
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3. Separation of Organics: End-to-End Demonstration

. n— Peak LOD (in Recovery from brines with RSD_
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3. Separation of Organics: End-to-End Demonstration
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appearing at the same time in the chromatogram)
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unknowns in complex samples.
Also important : multiple dimensions of selectivity
(chromatography PLUS mass spectrometry)
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3. Separation of Organics: End-to-End Demonstration

So far, we have successfully
analyzed:

e Astrobiologically relevant
species

e Otherspecies as needed to
strategically test the limits
of our instrument (high and
low volatility, different
functional groups, etc.)

We have successfully recovered
analytes (DGs and B-carotene)
that cannot be analyzed through
existing state-of-the-art GC-MS
instruments. We extract even
large, complex species while
using much lower temperatures.

Free fatty acids (FFAs) Polycyclic aromatic

hydrocarbons (PAHSs)

palmiticacid |o “
‘O naphthalene

coronene

Polycyclic aromatic
compounds (PACs)

P PPN 3 Basic

B-carotene OG‘!J

isoquinoline

Pigments

CHs HoC



Demonstration: extreme pH

= The method performs well
even at extreme pH (1 or
13) of agueous samples
with ppb levels of analytes

= However, pH does affect
the charge of a few
ionizable analytes (this was
expected)

Trueness for these ionizable
analytes is poor for bases at
low pH due to added charge
of the molecule

uv MS

Naphthalene 5. lIsoquinoline

Dibenzothiophene 6. Mpyristic acid
Fluoranthene 7. Palmitic acid

Pyrene 8. Stearic acid

Detector signal (A.U.)

Retention time (min)



Conclusions

Our end-to-end supercritical CO, extraction instrumentation improves upon
current organic detection instrumentation by offering:

= Extraction from aqueous and/or solid materials at 40 °C -- no organic
solvents, no derivatization needed

= Wide range of nonpolars detected at LODs of parts per billion to parts per
trillion. Can run with a larger volume with preconcentration to improve
sensitivity

= No salt effects with nonpolar extractions, currently working on polar
trapping options to minimize salt transfer.

= (Can be used with a variety of detector types, compatible with chiral analysis.

Next steps for this project:

= Refine the method for extraction of polar species (amino acids, nucleobases)

= Incorporate chiral chromatography for analysis of amino acid enantiomers.
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Organic Detection Instrumentation: Mars

= Viking and Curiosity have reported
chlorinated species with gas
chromatography — mass spectrometry (GC-
MS). It is hypothesized that these are due to
reactions with perchlorates at ppth levels
that oxidize and destroy native organics at
high pyrolysis/GC-MS temperatures

= SAM’s GC-MS and evolved gas analyzer
(EGA) have more recently discovered
thiophenes, aromatics and aliphatics
released at 500-820 °C, likely evolved
species from degradation of larger
molecular structures.

Eigenbrode, Jennifer L., et al. "Organic matter preserved in 3-billion-year-old mudstones at
Gale crater, Mars." Science 360.6393 (2018): 1096-1101.



Extraction of Organics with Our Instrumentation

We’ve successfully extracted a wide
range of nonpolar species, including
PAHs, PANHSs, fatty acids, and
thiophene derivatives with pure
scCO,, at low temperatures, with

no organic solvents and with no salt
interference.

We’ve also found that polar
species such as amino acids
can be extracted from soil
simulants by adding small
amounts (<5%) of water
during the scCO, extraction.

Percent Coronene Extracted

Glass Beads JSC Mars-1

Amino acid types

Simplest Hydrophobic

side chain Polar

Extraction efficiency, %

Glycine Alanine Serine

McCaig, Heather C., et al. "Supercritical Carbon Dioxide Extraction of Coronene in the Presence of
Perchlorate for In Situ Chemical Analysis of Martian Regolith." Astrobiology 16.9 (2016): 703-714.
Menlyadiev, Marlen, et al. "Extraction of amino acids using supercritical carbon dioxide for in situ
astrobiological applications." International Journal of Astrobiology (2018): 1-10.



1. Enabling Extraction from Aqueous Samples

= Our SUppOI’t NEICE] Holding capacity (g water /g HydroMatrix)
can hold an aqueous vs. temperature
sample of nearly twice |
its weight. g
= The holding capacity H
decreases slightly as ;
temperature :
increases.

45
Temperature (°C)

Conditions Significant .. .
evaluated (0>0.05) Left: Statistical results of factor screening.

Temperature is the only variable with a
significant influence (p < 0.01) on the amount of
water retained by the support material. Variation

Pressure 15, 20, 25 MPa
Temp 30, 45,60 °C

Amount CO, 10,15,20¢ in pressure, CO, amount, and extraction time did
Time 5,12.5, 20 min not show a significant influence (p > 0.05).

No. of 27 (fractional design
experiments of experiments)




Evaluation of limitations
based on 29 analvtes

Property Range evaluated Limitations

logP 2.1-16 No experimentally observed lower or upper limit
(hydrophobicity) | (Isoquinoline — DG(18:18))

Boiling point 218 - 662 °C Lowest evaluated (218 °C): Good performance at trapping
(volatility) (Naphthalene — DG(28:18)) temperatures <25 °C

Functional Carboxylic acid, hydroxyl, PAHs (large system of conjugated double bonds) that
groups amine, phosphate, contain carboxylic acid or hydroxyl groups adsorb strongly
phosphocholine to trap & chromatography column (requires methanol to
desorb)

lonic functional groups (phosphate & phosphocholine) are
repelled by the CO, phase (but methanol clusters around
these to enable analysis)

Analyte class Polycyclic aromatic See above.
hydrocarbons, heterocycles
(nitrogen and sulfur),
carboxylic acids, pigments,
free fatty acids,
diacylglycerides,
phospholipids




Evaluation of limitations
based on 29 analvtes

Propert Range evaluated Limitations
perty g

logP 2.1-16 * No experimentally observed lower or upper limit
(hydrophobicity) | (Isoquinoline — DG(18:18))

Boiling point 218 -662 °C * Lowest evaluated (218 °C): Good performance at trapping
(volatility) (Naphthalene — DG(28:18)) temperatures <25 °C

Functional Carl yuble bonds) that
groups ami roups adsorb strongly
pho . equires methanol to

H,C/W\/\/\/\/\/\AO/Y\OH I phosphocholine) are

S
~
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0

Analyte class POIy\.)’LIIL aruviliacic - JTEC avuve.
hydrocarbons, heterocycles
(nitrogen and sulfur),
carboxylic acids, pigments,
free fatty acids,
diacylglycerides,
phospholipids




How to extract overlapping peaks

TIC & Spectrum Deconvoluted components and spectra

L

Component 2
Y ‘l I |

Component 3

ST (T T

For a truly complex (>1000 analytes) sample, there’s no single technique available today that will
give baseline separation of that many species. Because of this, we choose to use a hyphenated
technique — where peaks can be effectively deconvoluted unless they are exactly on top of one
another (see figure). Unambiguous characterization of the composition and structure of an
analyte is obtained through comparing the peak’s elution time with its characteristic mass
spectrum fingerprint.



Chiral separation (LC-MS)

Percent Methanol:
0% 10% 30% 50%

_

Alanine

Methionine

Tyrosine

Proline

Phenyl-
alanine

Tryptophan

26



3. Separation of Organics: End-to-End Demonstration

Conclusion: 3% salt does
not statistically influence
the quantitative analysis

Recoveries: Water versus seawater (3% salt)

120%

100%
80%
60%
40%
20%

o

= Water mSeawater

Water and seawater samples spiked with 45-80 ppb for each PAH/heterocycle and 220-450 ppb of each FFA (n=3).

No salt effects seen with extractions of nonpolar molecules.
Currently working on trapping options for polar molecules to minimize salt transfer.




Recoveries from JSC-Mars 1, Mohave Martian Simulant, and pure salt

JSC Mars 1A B MMS Sand M Table Salt

Recovery

I 1
|
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Coronene Perylene Tetracene Pyrene Fluoranthene 9-Phenylanthracene DG10:10 DG18:18
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scCO, extraction
(using a support material as needed)
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Not included
The MS peaks should e
be as narrow as the
DAD peaks!
Concentrations in DAD
trace = ~1 ppb

Concentrations in MS
trace = ~20 ppt

We think we have a
solution for getting
the best of both
worlds
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