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Simple Summary: Certain types of meteorites contain organic molecules that are
required for the origin of life on the Earth. Among the organic molecules are
amino acids, which comprise the proteins of all living things. However, carbona-
ceous chondrites can be contaminated by amino acids from living things on the
Earth, which makes determining their indigenous abundances in meteorites dif-
ficult. Accordingly, the Japanese Aerospace Exploration Agency (JAXA) and the
National Aeronautics and Space Administration (NASA) launched missions to
asteroids that are thought to be the parent bodies of such meteorites. The JAXA
Hayabusa2 mission already returned 5.4 grams of sample to the Earth, but only a
very small fraction of this will be available for a specific study. Therefore, tech-
niques that can determine the abundance of amino acids in small samples need
to be established. Here a novel sample preparation and ultrahigh performance
liquid chromatography-Orbitrap-mass spectrometry technique is reported. The
results show that the technique can measure the amino acids in very small sam-
ples (~0.002 g) of meteorites and thus those from the missions mentioned above.
Determining what amino acids are in asteroids will help us to understand if they
could have provided the ingredients required for life to begin on Earth.

Abstract: Unmetamorphosed carbonaceous chondrites provide important infor-
mation concerning the formation and evolution of organic matter, such as amino
acids. However, terrestrial contamination remains a valid concern when investi-
gating the organic inventory of meteorites that have fallen to Earth. Accordingly,
JAXA’s Hayabusa2 and NASA’s OSIRIS-REx have been launched with the task of
returning uncontaminated C-type asteroid material to Earth. The successful
Hayabusa2 mission has a very limited sample size (5.4 g). Therefore, many con-
ventional compound specific techniques will struggle to detect amino acids above
detection limit with available sample amounts (~several mg to 10’s of mg) being
much smaller than those typically used. Here a novel method utilizing ultrahigh
performance liquid chromatography-Orbitrap-mass spectrometry is validated
and applied to very small meteorite samples, thus providing an approach that can
overcome the small sample size constraints of sample return missions. The
method is highly sensitive, enabling the detection of amino acids in the carbona-
ceous chondrites Murchison (2.28 mg) and Orgueil (2.30 mg). Furthermore, quan-
titation was possible for many of the detected amino acids in Murchison and
Orgueil. Using the data presented here, both the amino acid reservoirs of Murchi-
son and Orgueil and the potential application of this method to sample return
samples are discussed.
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1. Introduction

Fragments of asteroidal parent bodies are found on the Earth as me-
teorites, with unmetamorphosed carbonaceous chondrites (CC) repre-
senting some of the most primitive solar system materials analysed to
date. Among the extraterrestrial organic matter inventory of CC are
amino acids (AA) (1-3). Amino acids have long been recognized as fun-
damental compounds for the sustainability of all living organisms on
Earth and are thought to be essential for the origin of life (2, 4).

At current, it is still unclear how AA came to be present within me-
teorite parent bodies, with multiple processes likely combining to pro-
vide the entire assemblage present. Interstellar medium (ISM) and outer
protosolar nebular (PSN) ice analogue experiments tend to produce sim-
ple (low molecular weight) AA, such as glycine, alanine and (3-alanine, in
higher abundances compared to more complex amino acids (higher mo-
lecular weight), such as a-aminobutyric acid, glutaric acid and aspartic
acid(5, 6). Meanwhile, more complex AA have been proposed to form
during aqueous alteration on meteorite parent bodies, likely via Strecker
synthesis involving ammonia, aldehydes and ketones (a-AA) (7), and via
Michael addition of ammonia to a,(-unsaturated nitriles, with subse-
quent hydrolysis (8). Indeed, it was demonstrated that complex mixtures
of AA including a, 3 and y-AA could have formed from ISM/PSN ice
compositions, which were subsequently processed on meteorite parent
bodies via formose, condensation and carbonization style reactions(9).

Nevertheless, concerns have been raised over the level of contami-
nation that meteorites have experienced on the Earth’s surface, with sug-
gestions that at least some protein forming AA are derived from terres-
trial contamination (10, 11). Accordingly, many studies have investigated
the indigeneity of AA within CC and concluded that chirality and iso-
topic composition can be used to evaluate levels of terrestrial contamina-
tion (12-17). Furthermore, an assessment of contamination from the
Earth’s biosphere was conducted for Orgueil by searching for DNA and
rRNA and found that it was negligible (18).

However, doubts will likely remain over how much contamination
has been experienced by meteorites that have fallen to Earth and inter-
acted with its surface, especially when discussing proteogenic AA. As
such, while a certain level of contamination is likely inevitable, sample
returns offer a very appealing way of obtaining asteroidal material with
minimal levels of contamination to assess the indigenous levels of AA in
extraterrestrial materials. Nevertheless, one major limitation of sample
returns is the limited sample available, with only 5.4 g of material being
returned from the asteroid Ryugu by the JAXA Hayabusa2 mission (19).
Previous studies that have analysed the AA inventory of CC have typi-
cally used >1 g to many 10’s of mg sample sizes (12-17, 20, 21), but these
are unlikely to be available to those investigating Ryugu samples, be-
cause JAXA has allocated only 10’s of mg to individual curation teams
and many analyses must be performed to fully characterise the samples.
Furthermore, while a previous study utilised several mg of meteorite to
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detect the chirality of amino acids, only 5 analytes were targeted and the
system used was a highly specialised custom-made instrument that is not
commercially available (22). As such, a validated highly sensitive and
commercially available technique is required to investigate extraterres-
trial materials that comprise small sample sizes, such as those from sam-
ple return missions.

Here a highly sensitive ultrahigh performance liquid chromatog-
raphy-Orbitrap-mass spectrometric (UHPLC-OT-MS) method for analys-
ing AA in meteorite samples is presented and validated. The technique is
then applied to detect and quantify amino acids within ~2 mg sample
masses of the Murchison (CM2) and Orgueil (CI1) CC.

2. Materials and Methods
2.1. Sample and Standard Preparation

A 2.30 mg sample of Orgueil (CI1) and a 2.28 mg sample of Murchi-
son (CM2) were removed from internal portions of their meteorites via
an ultramicrotome. The resulting flakes and powder were then placed
within sealable Teflon containers and weighed. Note that the Teflon vials,
diamond knife and all tools used to handle the samples were cleaned via
ultrasonication with once distilled ion-exchanged (1DIE) water (Puric-w,
Organo Co.) and UHPLC grade MeOH prior to use. The Teflon vials were
also soaked in 6M HClI and then 0.5 M HNO:;, prior to cleaning with 1DIE
and UHPLC MeOH. Furthermore, all work was undertaken in a class 10
clean room at the Pheasant Memorial Laboratory (PML) for geochemistry
and cosmochemistry, Institute for Planetary Materials (IPM), Okayama
university at Misasa.

An in-house standard (AA-Mix) containing 26 AA was prepared at
~200 pg g' concentration for all the amino acids and included: glycine,
sarcosine, alanine, f-alanine, serine, threonine, a-aminobutyric acid, a-
aminoisobutyric acid, $-aminobutyric acid, [3-aminoisobutyric acid, as-
partic acid, valine, norvaline, isovaline, glutamic acid, leucine, isoleucine,
alloleucine, a-aminoadipic acid, cycloleucine, pipecolic acid, ami-
nocaproic acid, a-aminopimelic acid, homocycloleucine, phenylalanine
and tyrosine. An aliquot of the standard was then processed to yield AA
isopropyl esters (AAIE) (see next section) and diluted to give a range of
concentrations from 1 pg g to 0.00075 pg g reducing the concentration
by 25% with each dilution, i.e. 1.00, 0.75, 0.50, 0.25, 0.10 pg g and so on.

2.2. Extraction and Sample Processing

After weighing, the Teflon vials containing the samples and two
others representing procedural blanks were filled with 300 pL of 1DIE
water, sealed and heated for 20 hours at 110°C. Upon cooling, the 1DIE
water supernatant and 3 1DIE water washes of the meteorite residues
were transferred to a 10 ml glass tube, sealed and frozen overnight. Then,
the frozen water extracts were freeze dried to remove the 1DIE water. The
dry extracts were then derivatised with 300 uL 2M HCl/isopropyl alcohol
at 110°C, to yield AAIE. After cooling, the derivatised extracts’” volumes
were reduced under N2 gas until near dryness. Subsequently, ~1 ml of
water was added to the 10 ml tubes, followed by freezing overnight. A
second freeze drying step was undertaken to ensure that all water, HCIl
and isopropyl alcohol were removed from the extracts. Finally, 100 pL of
ethyl acetate was added to the 10 ml tubes and ultrasonicated for 10 min
to extract the AAIE, before transferring to a 300 pL glass insert vial for
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UHPLC-OT-MS analysis. Note that the AA standard was also derivatised
and processed using the same method, thus allowing for a direct compar-
ison of the concentrations of the standards and the extracted AAIE from
the meteorite samples.

2.3. UHPLC-OT-MS Analysis

The UHPLC separation was performed in reversed phase using a
ThermoFisher Scientific Accucore™ 150 Amide HILIC column on a Van-
quish™ UHPLC unit. The UHPLC unit contained a binary pump system,
which allowed for a dynamically changing gradient between two phases.
Phase A was 10 mM ammonium formate in water (adjusted to pH 3.5
using formic acid) and phase B was 100% ACN. The gradient was ad-
justed from 100% B to 79% B over 15 minutes, to 0% B over a further 5
minutes, then held at 0% B for 5 minutes, before increasing to 100% B over
5 minutes and holding at 100% B for an additional 5 minutes. A flow rate
of 0.15 mL/minute and a column compartment temperature of 30°C were
used for UHPLC.

The UHPLC unit was coupled to an Orbitrap Fusion Mass Spectrom-
eter (Thermo Scientific) via a heated-electrospray ionisation interface. The
following parameters were used for the UHPLC-OT-MS analyses: an ion
transfer tube and vaporiser temperature of 300°C, positive ion voltage of
3500 V, sheath gas of 50, auxiliary gas of 15, RF lens of 55%, m/z range of
50-500, OT resolution of 240000 and an AGC target of 2 x 10°.

3. Results
3.1. Determination of LOD and LOQ and method validation

The UHPLC-OT-MS method was validated using the results ob-
tained from the in-house AA-Mix standard. The standard was run in trip-
licate for each concentration (see section 2.1.) and the 5 concentrations
immediately above the concentration at which a given AAIE consistently
gave a response were used for limit of detection (LOD) and limit of quan-
titation (LOQ) determination (Table 1). A calibration curve was made us-
ing the average response value of the triplicate analyses for the 5 concen-
trations, which was then used to calculate the LOD and LOQ of each
AAIE. The LOD and LOQ were defined as 3 and 10 times the standard
deviation of the y-intercept divided by the slope of the calibration curve.

The AAIE derivatives of alanine and sarcosine and (3-aminobutyric
and P-aminoisobutyric acid were found to coelute and as such it is not
possible to quantify these amino acids using the method reported here.
Threonine displayed two peaks for most standard concentrations (at
13.40 and 15.98 min), with the 15.98 peak being very small at higher con-
centrations, but becoming larger than the 13.40 peak below 0.25 ppm.
Both peaks were found to be suitable for quantitation, with the 13.40 peak
being more suited to quantitation at higher concentrations. Meanwhile,
the AAIE derivatives of leucine and isoleucine were found to overlap in
the extracted ion chromatogram (EIC), but it was possible to observe that
two peaks were present. As such, peaks were fitted to either side of the
feature observed in the EICs (Figure S1j-k) and the resulting peak area
calibration curves gave good fits, indicated by their R squared (R2) values
(>0.980). The R2 values for all amino acids were above 0.980, except for
aminocaproic acid (0.940). Accordingly, an LOD and LOQ were not de-
termined for aminocaproic acid. Note that each R2 value reported in table
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1 is for the calibration curve fitted to all the data, from the 3 analyses of
each of the 5 concentrations for a given AAIE.

In terms of previous studies, the LOD values reported here (8x104
to 2x10° mol) are comparable to those of ultrahigh performance liquid
chromatography-fluorescence detection/time of flight mass spectrometry
(20, 23) (~1x10* to ~1x10-'5 mol), but more sensitive than that of two-di-
mensional gas chromatography-time of flight mass spectrometry (3x10-2
to ~5x10-% mol) (24).

Table 1. Information concerning the LOD and LOQ (in ng g') for each amino acid
analyzed here as isopropyl esters.

Injection Orgueil Murchison

C# Compound R? LOD LOQ LOD LOQ LOD LOQ
c2 Glycine 0.988 2.7 8.9 104.2 347.5 105.2 350.7
Cc3 p-Alanine 0.989 2.5 8.2 96.2 320.7 97.1 323.7
Cc3 Serine 0.990 2.2 7.3 85.6 285.5 86.4 288.1
Cc4 Threonine 1st Peak 0.986 126 420 4939 16464 4985  1661.6
C4 Threonine 2nd Peak 0.986 1.3 4.3 50.2 167.3 50.6 168.8
C4 a-Aminobutyric Acid 0.985 0.5 1.5 18.2 60.7 18.4 61.3
C4  a-Aminoisobutyric Acid 0.983 1.5 4.9 58.1 193.7 58.6 195.5
Cc4 Aspartic Acid 0.984 0.5 1.6 18.8 62.5 18.9 63.1
c5 Valine 0.994 0.3 1.0 11.6 38.5 11.7 38.9
c5 Norvaline 0.982 0.5 1.7 19.9 66.3 20.1 66.9
c5 Isovaline 0.994 18 5.9 69.3 231.1 70.0 233.3
c5 Glutamic Acid 0.990 0.4 1.2 14.6 48.8 14.8 49.3
C6 Leucine 0.983 0.5 1.6 18.5 61.8 18.7 62.3
Cé6 Isoleucine 0.982 5.1 16.9  198.1 660.4 200.0 666.5
Cé6 Alloleucine 0.991 0.3 1.2 13.6 45.4 13.7 45.8
C6 a-Aminoadipic Acid 0.989 0.4 14 16.1 53.6 16.2 54.1
C6 Cycloleucine 0.986 4.6 154  180.6 601.9 182.2 607.4
C6 Pipecolic Acid 0.982 7.4 246 2887  962.5 291.4 971.3
Ccé Aminocaproic Acid’ 0940 N/A N/A N/A N/A N/A N/A
c7 a-Aminopimelic Acid 0.992 0.4 1.2 13.8 46.1 14.0 46.5
Cc7 Homocycloleucine 0.997 0.2 0.7 7.8 25.9 7.8 26.1
9 Phenylalanine 0.985 0.5 1.6 18.7 62.5 18.9 63.1
C9 Tyrosine 0.986 0.4 1.4 16.5 55.0 16.6 55.5

*Note that the R? value for Aminocaproic Acid indicated a poor fit
by the calibration curve. The result of which was due to a large variance
among the intensity values of the triplicates for a given concentration and
thus Aminocaproic Acid cannot be assessed in terms of its LOD or LOQ.
C# = carbon number, R? = the R squared value, LOD = limit of detection,
LOQ = limit of quantitation, Injection = the concentration relating to a
given analyte injected into the UHPLC unit, Orgueil = the concentration
relating to the LOD/LOQ of a given analyte, estimated from standard cal-
ibration curves, in 2.30 mg of the Orgueil meteorite and Murchison = the
concentration relating to the LOD/LOQ of a given analyte, estimated from
standard calibration curves, in 2.28 mg of the Murchison meteorite.

3.2. Meteorite amino acids

The EICs of Orgueil and Murchison (Figure 1) for a given mass were
visibly different, with the relative heights of peaks within an EIC differing
between these samples. On comparison of the peak areas for AAIEs from
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Murchison and the blank, it was clear that all AAIEs had a blank contri-
bution of <25 %. Whereas, in the case of Orgueil, serine, valine, norvaline
and a-aminoadipic acid had a blank contribution of >25<50 %, indicating
that a blank correction was necessary for any determined AA concentra-

tions.
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Figure 1. Extracted ion chromatograms for amino acid isopropyl esters extracted
from Murchison (CM2) in blue and Orgueil (CI1) in pink. Note that the brown
trace superimposed on the chromatograms is that of the procedural blank. Please
see Table 2 for information concerning the short hand names of the amino acids.
NQP = no quantitation possible.
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Meanwhile, in some cases the retention times in the standard and the
meteorite were significantly different, defined here as >0.2 min. However,
tandem MS (MS?) data (Figure Sla-r) for all cases except cycloleucine,
where the response was too low, indicated that the amino acid was the
same as in the standard. Pipecolic acid has the same mass as cycloleucine
and the RT value also deviated from the standard by >0.2, but the re-
sponse in Murchison for pipecolic acid was high enough to yield MS?
data. Furthermore, both cycloleucine and pipecolic acid elute close to-
gether and thus display similar separation characteristics, meaning a ma-
trix affect that causes deviation in the RT, is likely to affect both in the
same way. As such, the suspected cycloleucine peak in Murchison was
assumed to be cycloleucine.

The AAIEs in Murchison and Orgueil were quantitated (Table 2) by
dividing the average peak area of the unknown AAIE (determined from
3 runs) by the peak area of the AAIE in the standard which gave the clos-
est response and then multiplying by the concentration of the AAIE in the
standard. Note that the average standard peak area value was not used,
instead the average meteorite AAIE peak area value was divided by each
of the standard peak area values from the runs of the triplicate. As a re-
sult, 3 concentration values were determined and these were used to gen-
erate an error for the meteorite AAIE concentration. Furthermore, a blank
correction was applied by subtracting the peak area detected in the blank
measurement from that detected in the sample measurement.

In addition, 3 calibration curves were generated across 5 concentra-
tions that intersected the intensity value obtained from the peak area of a
given meteorite AAIE, in order to check that the standard data was ap-
propriate for quantitation. The R? values for all calibration curves were
>0.980. However, for a-aminopimelic acid the calibration curve was not
linear over the concentration range of interest, but it was possible to fit
the curve with a second order polynomial. For a-aminopimelic acid the
concentration in Murchison (for Orgueil the AAIE was below the limit of
quantitation) was determined by solving the quadratic equations describ-
ing the 3 calibration curves of the standards, for more information see
(25).

For Murchison, it was possible to determine the concentrations of 19
of the AAIE considered here. In the case of Orgueil, the concentrations of
many AAIE were lower, which meant that the concentrations of 10 AAIE
were determined. In some cases, the AAIE were above detection limit,
but below the limit of quantitation. Furthermore, for alanine and sarco-
sine (coeluted), B-aminobutyric and p-aminoisobutyric acid (coeluted),
and aminocaproic acid (R? <0.980), it was clear that these AAIE were sig-
nificantly above the background in both Murchison and Orgueil, but no
quantitation was possible. As such, these AAIE are likely present at de-
tectable levels, but the method reported here is not appropriate for quan-
titating them.
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1 Table 2. Concentrations and other Information concerning the amino acid isopropyl esters detected within the AA-mix standard, Murchison and Orgueil.

Standard Orgueil Murchison

RT Apex RT Apex Conc. ng g! RT Apex Conc. ng g1
Compound Name Code Mass Average SD Average SD Average SD Average SD Average SD
Glycine Gly 118.0863  13.590 0.047 13.313 0.013 2580.8* 191.7 13.353 0.072  10958.8* 564.8
Sarcosine & Alanine Ala+Sar 132.1019 13.216 0.042 12.965 0.013 NQP NQP 12.965 0.005 NQP NQP
B-Alanine B-Ala 1321019 14.421 0.034 14.333 0.013 6620.8* 2354 14.335 0.005 2872.6* 81.5
Serine Ser 148.0968 14.392 0.033 14.333 0.013 199.3* 194  14.335 0.005 4171.6* 53.5
Threonine Thr 162.1125 13.403 0.038 BDL BDL BDL BDL  13.237 0.072  2907.0* 86.8
a-Aminobutyric Acid a-Ab 146.1176  12.194 0.018 BDL BDL BDL BDL  12.191 0.005 74.6 4.6
a-Aminoisobutyric Acid  a-Aib 146.1176  13.041 0.035 13.072 0.013 330.8% 303  13.073 0.005 174.2 6.9
B-Aminobutyric &
B-Aminoisobutyric Acid  f-Ab+p-Aib  146.1176 13.907 0.033 13.673 0.015 NQP NQP 13.673 0.006 NQP NQP
Aspartic Acid Asp 218.1387 4.392 0.013  4.408 0.011  389.9* 5.6 4.389 0.008 6940.6* 210.2
Valine Val 160.1332  10.330 0.032  10.266 0.006 22.7 1.8 10.365 0.043  2039.1* 19.7
Norvaline Nov 160.1332  11.663 0.025 11.620 0.040 18.4 1.0 11.646 0.005 76.1 4.0
Isovaline Iva 160.1332  12.415 0.030 BDL BDL BDL BDL 12371 0.005 567.3* 48.5
Glutamic Acid Glu 232.1543 6.512 0.024 6.187 0.019 343.7* 2.4 6.548 0.014 7026.3* 23.7
Leucine Leu 174.1489 10.787 0.037 10.736 0.008 BQL BQL  10.806 0.003 1784.6* 81.6
Isoleucine Ile 174.1489  10.640 0.045 BDL BDL BDL BDL  10.690 0.043 1858.5* 83.1
Alloleucine Ale 174.1489  9.343 0.023  9.222 0.047 BQL BQL 9.348 0.004  86.0* 4.0
a-Aminoadipic Acid a-Adp 246.1700 10.103 0.027  10.034 0.010 40.9 0.4 10.110 0.046 737.1* 19.9
Cycloleucine Cle 172.1332  12.762 0.024 BDL BDL BDL BDL 12.561 0.005 BQL BQL
Pipecolic Acid Pip 172.1332 13.271 0.038 12.866 0.013 462.5* 131 12.866 0.005 449.8 14.9
Aminocaproic Acid Aca 174.1489 13.868 0.045 13.671 0.013 NQP* NQP 13.672 0.005 NQP* NQP
a-Aminopimelic Acid a-Apm 260.1856 10.745 0.031 10.765 0.055 BQL BQL 10.836 0.050 245.1* 3.2
Homocycloleucine Hcl 186.1489 11.074 0.019 BDL BDL BDL BDL BDL BDL BDL BDL
Phenylalanine Pha 208.1332 5.741 0.017 5.428 0.007 BQL* BQL 5.750 0.017 1148.5* 30.6
Tyrosine Tyr 2241281 11.304 0.028 11.242 0.008 BQL BQL 11.311 0.005 834.7* 2.9
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Code refers to the short hand used in Figure 1, RT = retention time, SD = standard
deviation, NQP = no quantitation possible, BDL = below detection limit and BQL = below
quantitation limit. Note an * indicates that the response was enough for MS/MS data to be
obtained for the AAEIL All obtained MS/MS data matched those from the standard. Fur-
thermore, all concentrations were blank corrected, which is the reason why some of the
determined concentrations are slightly below the calculated quantitation limit in Orgueil.

4. Discussion
4.1. Meteorite amino acid concentrations

In terms of previous studies, the LOD values reported here (8x104 to 2x10-> mol) are
comparable to those of ultrahigh performance liquid chromatography-fluorescence detec-
tion/time of flight mass spectrometry (20, 23) (~1x10-* to ~1x10-®> mol), but more sensitive
than that of two-dimensional gas chromatography-time of flight mass spectrometry (3x10-
12 to ~5x10-% mol) (24). Nevertheless, ~100x smaller sample sizes were utilized here, com-
pared to the aforementioned studies.

The concentrations reported here for amino acids from Murchison and Orgueil are
mostly different from those reported before via an ultrahigh performance liquid chroma-
tography-fluorescence detection (UHPLC-FD) approach (15, 20) (Table 3), with many be-
ing at much higher concentrations (glycine, [-alanine, a-aminoisobutyric acid, aspartic
acid and glutamic acid). Nevertheless, some amino acids were found to be at substantially
lower concentrations in the current study from Orgueil (a-aminobutyric acid) and Mur-
chison (a-aminobutyric acid, a-aminoisobutyric acid and isovaline). One potential reason
for this discrepancy could be heterogeneity between the meteorite samples analysed or
heterogeneity introduced by a sampling bias, because of the much smaller amount of sam-
ple used by the current study (~2.3 mg) compared to the previous studies discussed here
(92-200 mg).

However, it is hard to imagine how heterogeneity or sampling bias could lead to all
the observed differences, because the same amino acids that were at higher concentrations
in Murchison were also higher in Orgueil. Instead, the difference between the concentra-
tions observed here and those of previous studies may relate to the sample processing
procedures. In both of the aforementioned previous studies (15, 20) a desalting step was
used after acid hydrolysis, involving a cation exchange column. In order to calculate the
recoveries after such a procedure Glavin et al. (2010) used an internal amino acid stand-
ard and subsequently corrected all their amino acid concentrations based on the recovery
(60-80%) of this one amino acid. The problem with the approach of Glavin et al. (2010) is
that it is not clear whether all amino acids would have similar recoveries. Here no desalt-
ing step or column chromatography was required. Accordingly, it may be the case that
when correcting for the recoveries, some amino acids from the previous studies were
overestimated, while others were underestimated. Nonetheless, sample heterogeneity
and sampling bias, likely do have some impact on the differences observed and thus can-
not be ruled out completely.

Alternatively, the reason for the discrepancy in amino acids observed between the
current study and previous studies could relate to potential contamination introduced
during curation of the meteorites, because the meteorites utilised here have previous cu-
ration histories and were not always housed within the clean room facilities at IPM. As
such, additional proteinogenic amino acids could have been added to the meteorites dur-
ing curation, with glycine, (3-alanine, aspartic acid and glutamic acid being protein-form-
ing amino acids.

However, this does not explain why a-aminoisobutyric acid is at a higher or similar
concentration for Orgueil compared to previous studies, being that it is a nonproteino-
genic amino acid and relatively rare in nature (26). Furthermore, the nonproteinogenic
amino acid a-aminobutyric acid is 12x(15), 8x(20) and 7x(22) higher and isovaline is 6x(15)
and 3x(22) higher for other studies when compared to the current study. Such an
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observation clearly indicates that amino acids can differ greatly between studies, likely
due to either sample heterogeneity or the analytical protocols employed. For instance, due
to the small sample sizes utilised here, some discrepancy between the bulk meteorite
amino acid abundances and those detected here are to be expected. Therefore, the differ-
ences observed here may in part reflect the probing of a more localised composition in the
current study, compared to other studies. Nevertheless, the presence of tyrosine and
phenylalanine in Murchison at elevated concentrations, likely infers that at least these
amino acids have been introduced during past curation of the meteorite. Therefore, con-
tamination seems unlikely to explain all the abundance differences between the current
study and previous studies, but contamination of at least some proteinogenic amino acids
introduced during past curation is likely, especially for Murchison.

When calculating the ratios of several amino acids relative to glycine, the ratios are
largely similar for Orgueil between the current study and those of previous studies (15,
20) (Table 4). Whereas, for Murchison there is much more variation, with no systematic
difference, indicating that at least for Murchison there may be a much bigger affect due to
heterogeneity or sampling bias. Nevertheless, the difference between the (-alanine/gly-
cine ratio of Orgueil (much higher) and Murchison (much lower) is apparent in the current
study and thus supports previous findings that indicate this ratio is sensitive to the degree
of aqueous alteration on meteorite parent bodies (15, 20, 21). Contamination is unlikely
to account entirely for the differences observed between the current study and previous
studies, because the [3-alanine/glycine ratio for Orgueil and Murchison is similar to previ-
ous studies (table 4) and it is unlikely that contamination would increase the (3-alanine
and glycine contents of the meteorites in a 1:1 ratio.

Table 3. A comparison of concentrations from this work (TW) and previous studies (15) (E2001) and
(20) (G2010).

Orgueil (TW) Orgueil (E2001) Orgueil (G2010)
Conc. ng g Conc. ng g Conc. ng g™
Code Average SD Average SD Average SD
Gly 2581 192 707 80 865 450
p-Ala 6621 235 2052 311 2732 675
a-Ab BDL BDL 13 11 71 49
a-Aib 331 30 39 37 343 140
Asp 390 6 82 34 109 59
Iva BDL BDL <194 230 - -
Glu 344 2 76 37 130 38
Murchison (TW) Murchison (E2001) Murchison (G2010)
Conc. ng g Conc. ng g Conc. ng g™
Code Average SD Average SD Average SD
Gly 10959 565 2919 433 2606 717
p-Ala 2873 82 1269 202 1081 243
a-Ab 75 5 914 189 622 128
a-Aib 174 7 2901 328 5124 2487
Asp 6941 210 442 118 470 37
Iva 567 49 3359 534 - -
Glu 7026 24 1338 317 132 195
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Table 4. A comparison of amino acid concentration ratios from this work (TW) and previous studies
(15) (E2001) and (20) (G2010).

Orgueil

Code ™W E2001 G2010
pB-Ala/Gly 2.57 2.90 3.16
a-Aib/Gly 0.13 0.06 0.40
Aspl/Gly 0.15 0.12 0.13
Glu/Gly 0.13 0.11 0.15

Murchison

Code ™W E2001 G2010
p-Ala/Gly 0.26 0.43 0.41
a-Aib/Gly 0.02 0.99 1.97
Asp/Gly 0.63 0.15 0.18
Glu/Gly 0.64 0.46 0.51

4.2. Method suitability for sample return missions

Concerns have been raised in the past over the contamination level of meteorites that
have been curated on earth for long periods of time (27-29). Although much work has
been done to establish the levels and nature of indigenous amino acids within meteorite
samples, doubts still remain (12-17). Sample return missions represent opportunities for
the obtainment of extraterrestrial material that has not been affected by passage through
the Earth’s atmosphere and interaction with its biologically active surface.

The Hayabusa2 mission, which returned C-Type material from Ryugu in December
2020, acquired only 5.4 g of sample (19). While, the OSIRIS-REx mission is expected to
return a larger sample size >60 g, the sample will likely not be available in large quantities
for any single destructive analysis. Previously, UHPLC-FD based techniques (15, 20) ena-
bled the detection of many amino acids within relatively small sample sizes (92-200 mg).
However, significantly smaller Ryugu sample sizes have been made available to individ-
ual facilities (10’s of mg) and multiple analyses are required to be performed. Further-
more, while successful determination of the chirality of amino acids was reported previ-
ously for several-mg-sized fraction of meteorites, only 5 analytes were targeted(22). The
machine used to undertake the analyses was also a custom-made and highly specialised
instrument, which means it is unlikely to be available to other laboratories that may wish
to analyse returned samples. As such, commercially available techniques that can quantify
organic compounds of particular scientific interest, such as amino acids, in very small
sample sizes are required.

The ability of the technique proposed here to detect and quantify multiple amino
acids in small sample sizes highlights the appropriateness of this technique for application
to extraterrestrial material acquired from sample return missions, such as those from the
Hayabusa2 and OSIRIS-REx missions. Nevertheless, in the case of Orgueil, it is likely that
a slightly larger sample size (e.g. 3-4 mg) would have enabled the quantitation of more
amino acids and as such slightly larger sample masses are recommended for Orgueil-like
(CI1 or similar type 1 carbonaceous chondrites) samples.

As mentioned previously, it cannot be ruled out that the meteorite samples analysed
here experience some proteinogenic amino acid contamination during their curation be-
fore being stored at IPM. However, the fact that many nonproteinogenic amino acids were
also detected by the current study at low concentration in such small sample sizes, indi-
cates the method reported here is suitable for returned samples without terrestrial con-
tamination.
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Furthermore, the high sensitivity of the technique presented here, makes it suitable
for revealing the heterogeneity within individual samples. For instance, several 2-4 mg
portions of g-sized meteorite samples, which are separated beyond the mm scale, could
be investigated to yield information about amino acid heterogeneity within meteorite
samples. Such findings could then be used to better understand the nature of aqueous
processes on meteorite parent bodies and answer fundamental questions. For example,
how heterogenous are the aqueous alteration conditions that have affected organic matter
on meteorite parent bodies? Moreover, are there any mineralogical factors, such as phyl-
losilicate abundance or composition that correlate with particular amino acid enrichments
or depletions? Such questions will be basis of future work utilising the methodology out-
lined here.

5. Conclusions

While individual amino acid concentrations were found to be different between the
current study and previous studies, this may relate to the sample processing procedure
used by these previous studies. Here the use of a desalting cation exchange step was
avoided and may explain why higher concentrations of amino acids were observed for
many of the amino acids reported by the current study. The findings indicate that the
methodology is appropriate for the detection and quantitation of amino acids in material
acquired by sample return missions. Moreover, the method may be particularly useful in
determining the heterogeneity of amino acids within larger extraterrestrial samples
through analysis of spatially separated aliquots.

Supplementary Materials: The following supporting information can be downloaded at the website
of this paper posted on Preprints.org. The tandem mass spectrometry data (MS?) for the amino acids
reported here from the standards, Orgueil and Murchison.
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