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Introduction:  The analysis of the water soluble 

organic content in extraterrestrial samples has been of 

increased interest in studies of meteorites and inter-

planetary dust particles [1]. These analyses have also 

been important for other extraterrestrial materials such 

as the Apollo lunar samples [2], the Stardust cometary 

sample [3], and the asteroidal samples to be brought to 

the Earth by the Hayabusa2 and OSIRIS-REx mis-

sions. Exploring the organic content of extraterrestrial 

samples reveals the history of the parent body and are 

cornerstone to understanding the chemical history and 

astrobiological relevance of these materials. 

The limited availability and the importance of ex-

traterrestrial samples requires a well-characterized 

extraction protocol suited for a wide variety of organic 

compound classes. Soluble organics in carbonaceous 

chondrites have been extracted and analyzed using a 

variety of different methods, but there has been little 

discussion on how these methods may bias the pub-

lished results [4]. Creating an efficient sample alloca-

tion and analysis plan demands an understanding of 

which analyses can be carried out sequentially on a 

single sample (“coordinated”), and which must be per-

formed in parallel on separate sample aliquots (“target-

ed”; Figure 1). 

Analytical Methods and Results: In this work, we 

focus primarily on the assessment of the sample alloca-

tion and analysis plan for five compound classes: 

amines, carbonyl compounds (composed of aldehydes 

and ketones), hydroxy acids, carboxylic acids, and 

amino acids. We have not evaluated cyanide species 

and hydrolyzed amino acids in the current work, but 

they are part of our global analytical plan (Figure 1). 

These five compound classes were chosen because 

their extraction and purification procedures share 

common steps and because the analysis of structurally 

related compounds may elucidate a shared synthetic 

history.  

Our initial efforts to rapidly screen multiple com-

pound classes with liquid chromatography-electrospray 

ionization mass spectrometry produced inconsistent 

results due to ionization effects. Thus, we use com-

pound-specific techniques to evaluate methods and 

conditions for sample concentration. We tested a num-

ber of   drying methods (centrifugal evaporation, freeze 

drying, and flowing nitrogen evaporation), and the pH 

of the solution at time of drying, to better understand 

how these variables impacted our ability to concentrate 

analytes of interest. Based on these experiments, we 

confirmed that concentrating amines in an acidic solu-

tion leads to greater amine recovery than if amines 

were dried in a basic solution (Table 1). Consequently, 

if amines were to be screened using similar preparation 

procedures (i.e., cation exchange chromatography and 

elution in basic ammonium hydroxide) as for other 

compounds (“coordinated” approach), greater amine 

loss would be experienced due to the drying of amines 

in a basic medium. Thus, amines must typically be 

studied using a targeted approach. 

Table 1. Effects on the recovery of analytes of in-

terest after drying down. 

Compound  pH effects Drying method 

Amines >90% Recovery 

when dried in acid; 

up to 95% loss in 

basic pH 

Freeze-drying 

yields higher 

recovery under 

basic pH 

Aldehydes 

and Ketones 

Compounds lost regardless of pH or  

dry-down method used 

Hydroxy 

acids and 

Carboxylic 

acids 

>90% Recovery 

when dried in base; 

Up to 95% loss in 

acid pH 

Centrifugal 

evaporation and 

Freeze-drying 

equally effective 

Amino acids Acid or basic pH 

has minimal effect 

on drying down 

recovery 

Centrifugal 

evaporation and 

freeze-drying 

equally effective 

Next, we determined the effects of salts on the 

derivatization protocols of each organic compound 

class. We used pyrolyzed Allende meteorite powder to 

prepare a meteorite aqueous extract. The purpose of 

the aqueous extract was to dissolve the analytes of 

interest prior derivatization. We confirmed that Allen-

de salts have a detrimental impact on the derivatization 

of carboxylic acids with a silylation reagent, and on 

amino acids upon derivatization with o-

phthaldialdehyde/N-acetyl-L-cysteine [5].  

Using these results, we examined the recovery and 

separation efficiencies of cation exchange chromatog-

raphy to purify organics in salty, complex mixtures. 

Using standards, we did not find substantial recovery 

differences when studying compound classes individu-
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ally or in a mixture. Similarly, there was not a signifi-

cant difference in analyte separation during cation ex-

change chromatography, between standard analytes 

dissolved in water, and the identical analytes in Allen-

de extract. More importantly, however, we found cati-

on exchange resin recovery efficiencies above 90% for 

individual and mixed standards dissolved in ultrapure 

water or aqueous Allende meteorite extract. 

At this point, we considered two approaches: coor-

dinated vs. targeted analysis. Targeted analysis (Figure 

1, right) requires separating a sample (or sample ex-

tract) into individual aliquots for each compound class 

to be analyzed, whereas coordinated analysis (Figure 1, 

left) allows compound classes to be analyzed sequen-

tially or from the same aliquot, where feasible. Figure 

1 shows one coordinated analysis scheme, where a 

single aliquot can be used to analyze free amino acids, 

hydroxy acids, carbonyl compounds, and carboxylic 

acids. Separate aliquots are required for certain spe-

cies, including cyanide species, amines, and hydro-

lyzed amino acids, because of biases or losses induced 

during concentration or hydrolysis.  

We find that coordinated analysis can allow signif-

icantly higher fractions of sample (5%-30%; Figure 1) 

to be available for analysis of certain compound clas-

ses.  Thus, coordinated analysis can be used to maxim-

ize sample efficiency, especially for studying free ami-

no acids. The percentages listed in Figure 1 can also be 

modified depending on the main goals of the analysis 

and available sample size. 

Conclusions: Our work examines the potential for 

loss, fractionation, or bias of different sample prepara-

tion methods. We have identified a coordinated ap-

proach that allows the analysis of multiple classes of 

soluble organic compounds and maximizes efficient 

sample use. Parts of this new coordinated analysis ap-

proach are already being used to study special samples 

as part of NASA’s Apollo Next-Generation Sample 

Analysis (ANGSA). Continuous work will focus on 

optimizing extraction and hydrolysis conditions, as 

well as the potential for subsequent analyses of water-

extracted sample residues for additional compound 

classes. This work will also aid in future analyses of  

precious samples  such as those to be returned by 

OSIRIS-REx and Hayabusa2. 
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Figure 1.  Nominal flowchart for the analysis of soluble organic compounds in targeted and coordinated fashion 

(“free” refers to nonhydrolyzed amino acids, while “total” refers to free plus hydrolysable amino acids).
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