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Introduction:  Extraterrestrial material, such as 
asteroids and comets and their fragments, contain 
primitive chemical constituents of the early solar 
system. Thus, analyzing organic matter in these 
materials can provide better constraints on the prebiotic 
inventory that likely contributed to the origin of life on 
Earth via exogenous delivery [1]. Investigations of 
carbonaceous chondrites revealed a variety of 
extraterrestrial soluble organics, including polyols, 
aldehydes, amino acids, ketones, carboxylic acids, 
alcohols, nucleobases, and amines [2-8]. Of these 
species, amino acids are an ideal analyte to search for in 
extraterrestrial samples because 1) amino acids are 
integral to protein formation and hence the biochemistry 
of life, 2) the distributions, abundances, and isotopic and 
enantiomeric compositions of amino acids can help 
determine molecular origins and syntheses [7], and 3) 
amino acid structural diversities can help better 
understand parent body histories [9].  

Sample-return missions offer the advantage of 
reducing sample contamination via terrestrial organics 
by allowing for the control and documentation of 
sample exposure history, whereas meteorites are 
inherently exposed to varying degrees of terrestrial 
contamination during and after their falls [10]. Sample-
return missions also facilitate sample analysis by an 
array of techniques without being limited by spacecraft-
based restraints, such as power, mass, and volume [11]. 
Considering this information, the JAXA Hayabusa2 
mission returned material from two locations on the 
surface of near-Earth Cb-Type asteroid (162173) Ryugu 
in December of 2020. The recovered asteroid regolith 
offers a unique opportunity to study the organic 
inventory of pristine asteroid material that has not 
previously been directly analyzed. Here, we report the 
amino acid analyses of the acid-hydrolyzed, hot water 
extract of the A0106 sample that was collected at the 
first touchdown site and a baked serpentine procedural 
blank that was processed in parallel.  

Experimental Methods:  A 13.08 mg aggregate of 
Ryugu sample A0106 underwent hot water extraction 
(200 µL x 3) at 105 °C for 20 hours in a glass vial purged 
with nitrogen gas. The extract was then split into two 
halves: one half dedicated for analysis by 3-dimensional 
high-performance liquid chromatography with a high-
sensitivity fluorescence detector (3D-HPLC/FD) at 

Kyushu University (KU) and the other half allocated for 
analysis by ultrahigh-performance liquid 
chromatography with fluorescence detection and high-
resolution mass spectrometry (LC-FD/HRMS) at 
NASA Goddard Space Flight Center (GSFC). Acid 
hydrolysis and sample analysis details associated with 
the 3D-HPLC/FD technique were reported previously 
[12]. Acid hydrolysis, and pre-column derivatization 
procedures used in advance of LC-FD/HRMS analysis 
were specified elsewhere [13].  

Results and Discussion:  A total of 15 amino acids 
were detected and quantitated above serpentine blank 
levels in the acid-hydrolyzed, hot water extract of the 
A0106 sample. An additional five C5 amino acids were 
tentatively identified, but not quantitated. There were  
α-, β-, γ-, and δ-amino acids detected, spanning a 
concentration range of 0.014 – 4.7 nmol/g. Protein 
amino acids included glycine (Gly), D,L-α-alanine 
(D,L-α-Ala), and D,L-valine (D,L-Val). Non-protein 
amino acids included β-alanine (β-Ala), D,L-α-amino-
n-butyric acid (D,L-α-ABA), and D,L-β-
aminoisobutyric acid (D,L-β-AIB). Several non-protein 
C5 amino acids were also detected, including D,L-
norvaline (D,L-Nva), D,L-isovaline (D,L-Iva), δ-
amino-n-valeric acid (δ-AVA), 3-amino-2,2-
dimethylbutyric acid (3-A-2,2-DMBA), D,L-3-amino-
2-ethylpropanoic acid (D,L-3-A-2-EPA), and D,L-γ-
amino-n-propanoic acid (D,L-γ-APA). 

Many of the non-protein amino acids detected in the 
A0106 extract are rare on Earth. Additionally, most 
chiral amino acids were racemic (D = L), including the 
protein amino acid, α-Ala. These combined factors are 
indicative of non-biological origins. It should be noted 
that small abundances of the L-enantiomers of select 
common protein amino acids, namely aspartic acid 
(Asp), serine (Ser), and Val, exceeded those of their 
respective D-enantiomer counterparts, suggesting trace 
abundances of L-protein amino acid contamination 
were observed. 

Differences in amino acid abundances and relative 
distributions were observed between the two techniques 
used in this study. These disagreements may be due to 
disparate sample preparation and analysis protocols 
implemented between KU and GSFC, which can cause 
differences in results when analyzing meteoritic amino 
acids [7], for example. To illustrate, 3D-HPLC/FD 
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quantitated ~10x more Gly than did LC-FD/HRMS, 
which may have experienced evaporative loss of Gly 
and its precursors by implementing multiple 
evaporation steps during sample preparation.  

 
Table 1. Background-corrected amino acid abundances 
in the acid-hydrolyzed, hot water extract of Ryugu 
sample A0106. Amino acid data from CI1 Orgueil are 
provided for comparative purposes. 

Amino Acid 
Ryugu 
(KU, 
nmol/g) 

Ryugu (GSFC, 
nmol/g)a 

CI1 Orgueilb 
(GSFC, nmol/g) 

D-Asp n.t. <0.06 0.41±0.23 
L-Asp n.t. 0.03±0.01 0.14±0.21 
D-Glu n.t. <0.03 0.32±0.11 
L-Glu n.t. <0.07 0.56±0.15 
D-Ser n.t. 0.06±0.01 <0.01 
L-Ser n.t. 0.20±0.04 <0.01 
Gly 4.7 0.49±0.06 11.5±6.0 
β-Ala n.t.c 3.5±0.2 30.6±7.6 
D-α-Ala 0.60 0.027±0.007 0.90±0.19 
L-α-Ala 0.67 <0.48 1.1±0.25 
γ-ABA n.t. 3.8±0.2 2.7±1.3 
D-β-AIB n.t. 0.22±0.02 cd L-β-AIB n.t. 0.18±0.02 
D-β-ABA n.t. 0.35±0.01e 2.1±1.1 
L-β-ABA n.t. 0.35±0.01e 1.8±0.6 
α-AIB n.t. 0.41±0.03 3.3±1.4 
D-α-ABA 0.091 <0.01 0.69±0.48d L-α-ABA 0.095 <0.01 
D-Val 0.022 <0.08 0.19±0.05 
L-Val 0.047 <0.07 0.48±0.02 
D-Nva 0.014 <0.04e 0.23±0.02d L-Nva 0.014 <0.04e 
D-Iva 0.044 <0.06 0.31±0.03 
L-Iva 0.039 <0.05 0.42±0.02 
D,L-β-APA n.t. <0.15 1.6±0.1 
δ-AVA n.t. 1.3±0.1e 1.2±0.2 
D,L-3-A-2-MBA n.t. c 0.55±0.03 
3-A-3-MBA n.t. c <0.26 
3-A-2,2-DMBA n.t. 0.060±0.002e 0.59±0.03 
D,L-3-A-2-EPA n.t. c 1.5±0.1 
D,L-γ-APA n.t. c 2.4±0.2 
D,L-4-A-2-MBA n.t. <0.19 1.5±0.1 
D,L-4-A-3-MBA n.t. c 2.8±0.1 

n.t. = Not targeted by 3D-HPLC/FD.  
aThe reported uncertainties (δx) are based on the standard deviations (σx) of the 
average values of multiple individual measurements (n), where δx = σx (n)-1/2. 
bData taken from elsewhere [14]. 
cDetected but not quantitated.  
dSum of both enantiomers, as they could not be separated under chromatographic 
conditions.  
eQuantitation of analytes was performed via HRMS due to interfering, optically 
fluorescent species that were better resolved by accurate mass analysis. 
 

Conclusions:  The amino acid distribution observed 
in the Ryugu A0106 sample is dissimilar to that of the 
CI1 Orgueil meteorite (Table 1), which suggests that 
parent body conditions responsible for amino acid 
syntheses and/or decompositions were likely different. 
These results indicate a variety of formation 
mechanisms were responsible for the diversity of amino 
acids observed here. For example, the Strecker-
cyanohydrin synthesis could have produced the α-
amino acids, but the β-, γ-, and δ-amino acids must have 
been produced by alternative mechanisms on the Ryugu 

parent body. Based on LC-FD/HRMS data, C3 - C5 

straight-chain amine terminal (n-ω-amino) acids were 
found at elevated abundances, similar to that previously 
reported for thermally altered CV and CO meteorites 
[15]. These n-ω-amino acids can form lactams, making 
them less susceptible to thermal degradation at 
temperatures above 300 °C [16,17], possibly explaining 
the elevated abundances of these non-α-amino acids in 
the Ryugu A0106 sample. 
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