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The detection of biomolecules on Solar System bodies can help us to understand how life emerged on Earth and how life may be distributed in our Solar System. However, the detection of chemical signatures of life on planets or their moons is challenging. A variety of parameters must be considered, such as a suited landing site location, geological and environmental processes favourable to life, life detection strategies, and the application of appropriate and sensitive instrumentation. In this contribution, recent results obtained using our novel laser desorption mass spectrometer ORganics INformation Gathering Instrument (ORIGIN), an instrument designed for in situ space exploration, are presented. We focus in this paper on the detection and identification of amino acid extracts from a natural permafrost sample, as well as in an analogue mixture of soils and amino acids. The resulting dataset was analysed using a correlation network analysis method. Based on mass spectrometric correlation, amino acid signatures were separated from soil signatures, identifying chemically different molecular components in complex samples. The presented analysis method represents an alternative to the typically applied spectra-by-spectra analysis for the evaluation of mass spectrometric data and, therefore, is of high interest for future application in space exploration missions.
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1 INTRODUCTION
The detection of life in places other than Earth would have many philosophical and scientific implications (Sagan, 1980; Lingam and Loeb, 2021). The search for and detection of extraterrestrial life is therefore likely one of the most exciting challenges humanity has ever faced. One of the most important parameters involved in finding extinct or extant life is the identification of locations that are currently habitable or have been habitable at any time in the past. Such locations have been identified on different Solar System bodies, including Mars, Jupiter’s moon Europa, and Saturn’s moon Enceladus (Cavalazzi and Westall, 2019). These locations can be investigated for the presence of biosignatures, a collective term for chemical and morphological indicators of life with appropriate instruments (Hand et al., 2017; Hays and Beaty, 2017) (Hendrix et al., 2019). Since space exploration is an expensive, time-consuming, and risky undertaking, extensive testing of any instrument potentially used in space is essential to its success. One way to achieve the capability for such investigations is by using analogue material, i.e., material that is thought to be similar to that found or expected on the targeted Solar System body. Analogues are a key part of the process to select what types of biosignatures one should look for and which space instruments are well suited to detect them (Cavalazzi and Westall, 2019), (Foucher et al., 2021). Among biosignatures, biomolecules—a loose term for any molecule produced by an organism—are especially interesting to answer the question whether life currently exists someplace other than Earth. Molecules like amino acids, nucleobases, and lipids, when found in concentrations that cannot be explained by abiotic processes, are strong indicators for the presence of life. Amino acids are one of the primary biosignatures targeted in the search for extraterrestrial life by past missions (Pietrogrande, 2013) like Viking (Pietrogrande, 2012), Cassini-Huygens (Raulin et al., 1998) and Rosetta (Goesmann et al., 2007; Altwegg et al., 2016) and upcoming missions such as the Rosalind Franklin ExoMars rover (Goesmann et al., 2017), and potentially the Europa Lander (Hand et al., 2017).
To search for amino acids, dedicated and sensitive instruments are needed. Laser Ablation Ionization Mass Spectrometric (LIMS) systems, either operated in desorption or ablation mode, are a relatively new and promising addition to the suite of available space instruments (Ligterink et al., 2020b). LIMS instruments have high analytical performance with high spatial resolution (spot sizes down to the µm level, about the size of a microbe) and sensitivity (sub-fmol mm−2 or sub-ppm limit of detection). Chemical processing of molecules during the laser desorption processes is minimal. Various LIMS instruments are being developed for space exploration missions (Getty et al., 2012; Riedo et al., 2012; Riedo et al., 2013a; Briois et al., 2016; Riedo et al., 2017; Arevalo et al., 2018). They have been included in the payloads of the Phobos Grunt (LAZMA, Roscosmos) (Managadze et al., 2010), (Zelenyi and Zakharov, 2012), the Luna-Glob LASMA (Chumikov et al., 2021) and the upcoming ExoMars Rosalind Franklin rover (MOMA, ESA/Roscosmos) (Goesmann et al., 2017) and the Dragonfly rotorcraft (DraMS, NASA) (Lorenz et al., 2018; Grubisic et al., 2021).
At the University of Bern, Switzerland, the ORganics Information Gathering INstrument (ORIGIN), a LIMS instrument operated in desorption mode, is currently validated in full detail for biomolecule detection (Ligterink et al., 2020a). It is intended to analyze non-volatile surface material by gentle desorption and soft ionization of molecules. ORIGIN is a particularly compact and sensitive instrument with proven capabilities to detect amino acids (Ligterink et al., 2020a), polycyclic aromatic hydrocarbons (PAHs) (Kipfer et al., 2022) and lipids (Boeren et al. (in prep)). However, the majority of studies conducted with ORIGIN so far focused on fundamental studies conducted on reference samples, i.e., measurements of analytical grade preparations of single biomolecules or simple known mixtures thereof. While these are good initial indicators of analytical performance, they do not represent a realistic in situ use-case, since sample material obtained in situ will be a complex mixture of many different materials and compounds, and extensive wet chemistry sample preparation is highly challenging on a rover or lander module. As samples become more complex, their analysis also becomes more difficult. Advanced analysis techniques are required to analyze data recorded with ORIGIN. In this study, a novel analysis routine is employed on ORIGIN data generated from amino acids and soil mixtures and amino acids extracts from a permafrost sample, in the form of correlation network analysis. Network analysis is a useful method to visualize relationships in large datasets and has been used in many different fields, such as geology (Lukmanov et al., 2021a; Lukmanov et al., 2021b), biology (Koutrouli et al., 2020) and social sciences (Marin and Wellman, 2009). Here, it is used to visualize correlations between mass spectrometric signatures that result from the same source (e.g., an amino acid) and to distinguish them from other sources, such as the host material.
This work focuses on a soil-amino acid mixture and on amino acids that were extracted from a natural permafrost sample as analogues for space exploration to show that ORIGIN is capable of measuring complex samples that could also be found in situ. Correlation network analysis was employed to derive correlations between detected masses in a mass spectrum, which in turn is used to visualize different chemical components in complex samples and to separate biological components from soil components.
2 MATERIALS AND METHODS
2.1 Sample Material and Preparation
For this study an amino acid extract from a natural permafrost sample containing residues of the host material, a tyrosine amino acid standard solution, a soil-tyrosine mixture, and a soil sample were measured. The permafrost sample (ID: P6H (Habimana, 2016)) was collected from Yedoma permafrost in North-East Siberia, Russia, in the framework for the EU FP7 project for the Mars Analogues for Space Exploration project (MASE) (Cockell et al., 2018). The sample specifically serves as an analogue for the Martian polar caps, although it could potentially also serve as an analogue for other Solar System bodies that have frozen soils (Margesin, 2009). The amino acid extract from the permafrost sample was prepared for LC-MS analysis using the procedure described in (Aerts et al., 2020). The 100 µM tyrosine amino acid standard was made by dissolving the pure amino acid (99% purity, Sigma-Aldrich) in MilliQ grade water (> 18 MΩ*cm). Tyrosine was selected for this study because it was known to have a limited fragmentation pattern with mass features of roughly equal intensity. This was beneficial for finding correlations between the fragments of this molecule and between other molecules that were added to a mixture. Many other amino acids studied with ORIGIN showed fragmentation patterns consisting of one or two peaks, for which it was more challenging to find correlations in their fragmentation patterns (Ligterink et al., 2020a). The soil selected for the analogue amino acid-soil solution was a reference soil material from NIST (Cody Shale, SCo-1), also considered a Mars analogue. Approximately 600 µg of soil was weighted and mixed in 100 µL pure MilliQ grade water and in 100 µL tyrosine solution, resulting in soil saturated solutions.
A stainless-steel sample holder with five equally spaced cavities (0.2 × Ø 3 mm), into which sample material was deposited, was used for sample introduction into the ORIGIN setup. Before use, the sample holder was sonicated for 15 min in isopropanol (70%). Afterwards it was thoroughly rinsed with MilliQ water and then dried on a hot plate at 100°C for at least 30 min. Finally, the sample holder was flame sterilized to remove any trace molecules. All sample material was pipetted into cavities on the steel sample holder. For each measurement campaign, 1 μL of solution was drop cast into four of the cavities and the fifth was left empty as a negative control. After drop casting of the sample, they were left to dry inside a laminar flow bench (ISO 5), to remove the water and to form a layer of organic and/or soil material.
2.2 ORIGIN: ORganics Information Gathering INstrument
The instrument used to study the material for this study is a LIMS system operated in desorption mode, named ORIGIN and described in detail in a recent publication (Ligterink et al., 2020a). ORIGIN uses a nanosecond Q-switched Nd:YAG laser, which produces laser pulses at a pulse width τ ∼ 3 ns, wavelength of λ = 266 nm, and a laser pulse repetition rate of 20 Hz. The pulse energy can be adjusted in a wide range, and for this study 3 µJ measured at the sample surface was used for the measurements. The laser pulse is guided through an optics system and a lens focuses the pulse through a miniature reflectron-type time-of-flight mass spectrometer (RToF-MS, 160 mm × Ø 60 mm, m/Δm ≥ 1,000) to a ∼30 µm diameter spot on the sample holder (Rohner, et al., 2003; Riedo et al., 2013b). The RToF-MS entrance is located approximately 1 mm above the sample holder surface, ensuring efficient collection of ions. The mass analyzer, sample handling system, and sample are all located inside a vacuum chamber with base pressure below 10–7 mbar. Sample holders are introduced into the vacuum chamber via an entrance port.
2.3 Measurement Routine
To account for possible inhomogeneous distribution of sample material inside a cavity, a single measurement consisted of sampling a cavity at 40 linearly spaced positions with a pitch of ∼50 μm. At each position, 100 laser-shots were applied, resulting in 100 mass spectra per position and thus 4,000 mass spectra per measurement. The measurement was controlled by an in-house written Python software.
2.4 Data Processing
2.4.1 In-House Developed MATLAB Software
An in-house developed MATLAB software was used for the first step in the data analysis (Meyer et al., 2017). For the processing of the data for this publication, the data analysis pipeline can be summarized as follows: First, the 100 single-shot spectra recorded per analysis position are histogrammed to create a single mass spectrum per position. A threshold SNR value of 6 was used for the identification of spectra with too little signal. These spectra were omitted in the histogrammed spectrum. Optionally, the 40 resulting spectra are stacked to obtain a spectrum of the entire measurement. However, for subsequent correlation network analysis, the 40 individual spectra retrieved from a single measurement run are used. Next, the histogrammed and stacked spectra were mass calibrated. For this procedure, mass peaks with a known mass are selected in the time domain and used to convert the TOF spectrum to a mass spectrum. Simpson integration was performed for each integer mass between m/z = 1–300 to obtain the signal intensity for each peak. In this routine, also parameters such as SNR and mass resolution (m/Δm) are stored for each single mass.
2.4.2 Correlation Network Analysis
One of the goals of this study was to identify chemical entities present in complex mixtures of analyte material and separate chemically distinct components from each other. This was done by looking for correlations between mass peaks in measured materials and visualizing correlated masses as a network. Correlation network analysis works with nodes and edges; thus, in this study the single unit masses represented the nodes and correlation values (Pearson ρ) between masses represent edges. The correlation between masses was based on how the mass peaks correlate in their intensities over the 40 positions measured in a sample. A Pearson ρ = 1 meant that the ratio for the intensities of two measured mass peaks stayed the same over the 40 positions. Therefore, the closer ρ was to 1, the stronger the likelihood that the mass peaks in question have the same origin, for example a molecule or class of molecules. The lower ρ between two mass peaks, the less related the two mass peaks were. Networks were used to visualize these correlations to highlight that different clusters were formed that represent chemically different groups, in this case clusters of amino acid and soil mass peaks were formed.
This analysis method resulted in a list of correlations (maximum 45′000 ρ-values) between various masses in a measurement. Data points that have a low or no peak intensity were disregarded because in such a case the statistical relevance of the ratios could not be safely obtained. To achieve reliability, a filter was set: If less than 15 out of the 40 data points had been acquired for a mass peak, the correlation was deemed not reliable enough and was set to zero. The pre-processed edge list was further spatialized and visualized using an open-source graph-drawing platform Gephi (Bastian et al., 2009). Within Gephi the force atlas function was used for the visualization of the network (Jacomy et al., 2014). The edge weight filter was used to further filter the correlations to highlight the strongest correlations in the networks. To identify groups of highly correlated entities, the Louvain modularity was applied to the resulting network, which was represented by the different colors of the nodes and edges in the correlation networks (Blondel et al., 2008). This means that groups that were closely related to each other based on their Pearson correlation got grouped together and had the same color in Gephi because Louvain modularity measured the density of edges within communities in comparison to other communities (Lambiotte et al., 2014).
3 RESULTS
3.1 Analysis of the Permafrost Amino Acid Extract
The mass spectrum of the amino acids extract from the natural permafrost sample is shown in Figure 1. Note, as discussed earlier, the extract contains residues of the permafrost host material. Therefore, a rich mass spectrum is measured. Below m/z = 50 the most prominent peaks of the mass spectrum are found at m/z = 23 and 39, most likely caused by sodium and potassium. These volatile atoms have low ionization potentials and readily show up in laser desorption mass spectra, including negative controls, meaning that the main contributions of these elements come from the steel sample holder. At higher m/z values, several prominent peaks show up between m/z = 50–100 and at m/z = 178.
[image: Figure 1]FIGURE 1 | Mass spectrum of the P6H permafrost amino acid extract with residuals of the host material (e.g., minerals). Close-ups of some of the most prominent masses are shown in the three panels at the right, which at the same time display a multitude of smaller masses. The prominent peak seen at m/z = 39 is potassium. Many of the smaller mass features are difficult to assign to specific molecular contribution. This is where correlation network analysis can aid.
Several spectral features in Figure 1 can be attributed to specific amino acids based on measurements performed on standard amino acids (Ligterink et al., 2020a). More specifically, unique fragmentation patterns observed for tyrosine, aspartic acid, histidine, phenylalanine, and methionine by (Ligterink et al., 2020a) can be identified in the spectrum of P6H. However, matching spectral features manually for such a complex sample is time consuming and might introduce a user-dependent uncertainty to the analysis. Therefore, we employed a machine-learning algorithm for efficient and unbiased identification of amino acids in complex samples.
3.2 Mass Spectra of Analogue Samples
As input for the correlation network analysis, mass spectra were recorded of tyrosine, SCo-1 soil, and tyrosine-soil mixture samples (Figure 2). Mass peaks associated with tyrosine are as follows: m/z = 107, 108, 135, 136, 151, 152, 168, 182 (see bottom spectrum of Figure 2). The ion observed at m/z = 182 corresponds to the protonated intact molecule, m/z = 151 and 152 correspond to tyrosine stripped of its carboxyl (−COOH) group plus protonation, m/z = 135 and 136 are tyrosine of its carboxyl and amine (−NH2) group plus protonation and m/z = 107 and 108 are the functional group (HO-C6H4-CH2) plus protonation. Further information about the tyrosine fragmentation pattern can be found in the recent publication (Ligterink et al., 2020a).
[image: Figure 2]FIGURE 2 | Mass spectra of the SCo-1 soil standard from NIST (6 g L−1, top), the tyrosine-soil mixture (100 µM + 6 g L−1, middle) and the tyrosine standard (100 μM, bottom). In all samples, prominent signals are seen at m/z = 23 and 39, which are arising from sample holder and soil contributions of sodium and potassium. The soil spectrum displays a series of prominent masses in the range m/z = 50–70 and several smaller signals up to m/z = 200 with the most prominent peaks being m/z = 52, 54, 58 and 68. Tyrosine has three prominent sets of mass fragments at m/z = 107, 108, m/z = 135, 136, and at m/z = 151, 152 and two smaller mass fragments at m/z = 168 and 182. The tyrosine—soil mixture displays features of both components, notably the most intense peaks of both. Note that different scales were used for each individual mass spectrum for optimized visibility.
The SCo-1 soil standard peaks were identified during this study, with the main peaks found at m/z = 52, 54, 56 and 68 (see top spectrum of Figure 2). The signal recorded for the soil are suspected to result from various atomic and metal oxide ions from the SCo-1 soil. The tyrosine-soil mixture clearly displays features from both its individual components.
3.3 Correlation Network Analysis
Correlation network analysis was performed on the analogue samples as a proof of concept. These measurements were used to show that measured masses of the same origin, e.g, the same amino acid, form correlated clusters and could be identified by their modularity.
3.3.1 Pearson Correlation
The correlations were determined using the integrated mass signals over the 40 positions measured in a sample, as outlined in Section 2.4.1. Figure 3 shows the intensities of selected tyrosine mass peaks in the tyrosine standard measurement for the 40 measurement locations on a sample cavity. The intensities followed a similar pattern and result in high correlations between these masses. Figure 4 shows the intensities of four selected masses in the tyrosine-soil mixture. It shows that the mass peaks from the soil (m/z = 52 and 56) follow a different distribution than those from the tyrosine (m/z = 107 and 152), which leads to lower correlation between the masses of these components.
[image: Figure 3]FIGURE 3 | Intensities of select masses of the tyrosine standard over a single measurement run containing 40 positions. The tyrosine measurement shows four of the main mass fragments of this molecule. The intensities of the different m/z all correlate with each other.
[image: Figure 4]FIGURE 4 | Intensities of select masses of the tyrosine soil mixture over a single measurement run containing 40 positions. As can be seen, the two tyrosine masses (m/z = 107 and 152) correlate with each other and the two soil masses (m/z = 52 and 56) correlate with each other, but the soil and tyrosine intensities do not correlate with each other.
The differences in correlations in these two samples are visualized in Figures 5, 6, which show the correlations between the mass peaks of the tyrosine and the tyrosine-soil mixture. For the pure tyrosine measurements, correlations between m/z = 107, 108, 135, 136, 151 and 152, masses that belong to the tyrosine pattern, are depicted. For the mixture, correlations between the m/z = 23 and 39 of the sample holder and soil contributions sodium and potassium, m/z = 52 and 56 of soil components, and m/z = 107 and 152 of tyrosine are shown.
[image: Figure 5]FIGURE 5 | Data of a standard tyrosine sample evaluated at 40 positions. Correlations for prominent tyrosine mass fragments are shown. Since all masses come from the same chemical entity, correlations between them are strong. They are the weakest for correlations with m/z = 135 and 136.
[image: Figure 6]FIGURE 6 | Data of a mixed tyrosine—soil sample at 40 positions. Correlations for prominent tyrosine mass fragments are shown (m/z = 107 and 152), sample holder and soil contributions (m/z = 23, 39), and soil masses (m/z = 52, 56). Correlations between masses are mostly found between fragments that originate from the same chemical entity.
In the former case, strong correlation between the masses with ρ > 0.8 and general around 0.9 are found. However, in the case of the mixture, such high correlation values are only found for compounds that are associated with each other, such as sodium (m/z = 23) correlates with potassium (m/z = 39) at ρ = 0.94 and the tyrosine fragments m/z = 107 and 152, with ρ = 0.89. Correlation between components is substantially lower, as is for example seen between m/z = 23 and 152, which has ρ = 0.52.
These examples highlight the use of correlations in the analysis of the mass spectra. While Figures 5, 6 focus on a small number of correlations between selected pairs of peaks, a measurement of a natural sample can easily consist of several hundreds of mass peaks, as highlighted by the measurement of the amino acid extract of the permafrost material. To visualize these larger samples, network analysis is employed.
3.3.2 Networks
Applying correlation network analysis to the analogue samples showed that they indeed formed a cluster of their prominent mass peaks. In the tyrosine standard measurement, a cluster consisting of most of the previously identified peaks was found for an edge weight cut-off of ρ > 0.9 (Figure 7). Peaks at m/z = 107 and 152 were the two most strongly connected nodes. They were also the two most intense peaks in the tyrosine mass spectra (bottom spectra in Figure 2). Peaks at m/z = 135 and 136 were missing and both these masses are consistently missing from networks with tyrosine throughout this study.
[image: Figure 7]FIGURE 7 | Network of the tyrosine standard with a cut-off of ρ > 0.9. As can be seen, most of the previously identified tyrosine masses are connected to each other. Colour and its saturation signify association with a cluster, size of the circles signifies the intensity of the mass peak in the mass spectra.
In the SCo-1 soil standard sample only small clusters of m/z = 52 and 56 and of m/z = 23, 39 and 41 were identified (Figure 8). The former cluster came from the SCo-1 soil standard, while the latter were ions from sodium and potassium, which come from the steel sample holder and the soil. This showed that chemically different components were indeed separated into different clusters. The Pearson correlation for the edge weights of this measurement were set at ρ > 0.7.
[image: Figure 8]FIGURE 8 | Network of the SCo-1 soil NIST standard with a ρ > 0.7. Yellow represents the soil mass cluster, magenta represents the steel holder and soil contributions mass cluster. Colour and its saturation signify association with a cluster, size of the circles signifies the intensity of the mass peak in the mass spectra.
After it was shown that correlation network analysis formed correlated clusters of measurement data of single species, an analogue tyrosine-soil mixture was measured, and the correlation network analysis was applied (Figure 9). In the tyrosine-soil mixture, an edge weight cut-off of ρ > 0.85 was used. Subsequently, three clusters were identified: A tyrosine cluster with m/z = 107, 108 and 152; a soil cluster with m/z = 52, 54, 56, and 68; and a sample holder contribution and soil cluster with m/z = 23, 39, and 41. The formation of these distinct clusters demonstrates that masses in a complex mass spectrum can be assigned to a specific chemical entity.
[image: Figure 9]FIGURE 9 | Network of a tyrosine-soil mixture with a cut-off of ρ > 0.85. Blue represents the amino acid mass cluster, yellow the soil mass cluster and the sample holder and soil contributions cluster. Colour and its saturation signify association with a cluster, size of the circles signifies the intensity of the mass peak in the mass spectra.
Finally, the correlation network analysis is performed on permafrost amino acid extract (Figure 10). With a correlation ρ > 0.7 cut-off two main networks and several smaller ones were visualized. The prominent yellow cluster contains mass peaks at m/z = 23, 39, 72, 81, 88 and 89, which corresponded with some of the most intense peaks found in the permafrost sample mass spectrum (Figure 1) but with a notable outlier at m/z 178, which is found in the prominent blue cluster, which contained masses presumably associated with amino acids. Furthermore, most of the masses in the yellow cluster matched with those of refractory salt and soil components, such as sodium (m/z = 23) and potassium (m/z = 39, 41). Therefore, the yellow cluster likely corresponds to soil signatures in the permafrost sample. The composition of the blue cluster consists of many high mass ions, such as m/z = 91, 107, 119, 120, and 156, which align with the tyrosine (m/z = 107), phenylalanine (m/z = 91, 119 and 120) and histidine (m/z = 156) fragmentation patterns (Ligterink et al., 2020a). These amino acids had also been detected in these samples in previous LC-MS measurements (Habimana, 2016). Therefore, this cluster corresponds to an organic component in the permafrost extract.
[image: Figure 10]FIGURE 10 | Network of the permafrost amino acid extract sample with a cut-off ρ > 0.7. Blue represents the mass peaks associated with organic molecules, yellow the mass peaks from soil and sample holder contributions, with the most strongly correlated ones still having edge connections at this cut-off level.
4 DISCUSSION
Correlation network analysis shows promise as a technique to identify different components in complex samples. Measurements taken with the ORIGIN space-prototype instrument of an analogue SCo-1 soil standard mixed with a tyrosine standard showed separation of a soil, a steel sample holder and soil contribution and a tyrosine mass cluster. Each of these groups consisted of the same mass peaks as previously identified in the correlation network analysis of the standard measurements of tyrosine and soil, respectively. A similar behavior was seen for the permafrost amino acid extract, which separated into two mass clusters, which are presumed to be an organic and a soil component.
The separation into different mass clusters is related to the different chemical characteristic of each component. Samples are prepared by drop casting solutions onto the sample holder and by letting the solvent evaporate. In this process, the distribution of material on the surface is affected by a variety of factors (Maskara and Smith, 1997) and the chemical characteristics of the molecules themselves play a prominent role. The difference in distribution can be seen in Figures 3, 4. This means that over the 40 positions measured, the intensities can be quite different from position to position, but the relative abundance of the mass peaks that originate from the same components (amino acids or soil) have higher correlations over these 40 positions. Correlation network analysis is therefore used in separating the major chemically components in a complex sample, such as amino acids and soil in the data analysis step rather than in performing chemical separation during sample preparation. Distinguishing contributions within a chemically similar group, for example, amino acids, is likely more challenging, as these molecules will probably distribute over a surface in a similar way. Follow up experiments are required to determine to what extent individual molecules can be identified in complex mixtures with correlation network analysis.
For the individual samples, several observations are made. In the SCo-1 soil standard and presumably the permafrost extract, several masses are identified that belong to atomic and diatomic species, such as oxides. The prominent mass peak at m/z = 52 could be Cr, m/z = 56 possibly Fe, CaO, and/or MgO2, and m/z = 68 might be CrO. The exact identification of each of these masses goes beyond the scope of this work but is of interest to fully assess the performance of ORIGIN on collected planetary surface material. The applied 3 µJ laser pulse energy at the sample surface, as used during these measurements, desorbs the amino acid components, as shown in a previous study (Ligterink et al., 2020a). The presence of these atomic species seems to indicate that ablation or quasi-ablation is also occurring during the laser-material interaction (Tulej et al., 2011; Riedo et al., 2013a).
To find clear correlations, sufficiently intense mass signals need to be recorded on each sampled spot. This can be problematic for samples with a low surface concentration and in general, the technique benefits from higher surface concentrations. It should be noted here that 40 positions are not the limit for measurements and more positions can be measured per sample to increase the intensity of signals in the accumulated mass spectrum. This can increase the number of positions with high signal intensity and in turn increase the performance of the correlation. Furthermore, the voltage of the detector could be increased, which can further strengthen the intensities of the ratios from which the correlations are derived (Riedo et al., 2017).
5 CONCLUSION AND OUTLOOK
In this proof-of-concept study, a natural permafrost amino acid extract was measured with the ORIGIN space-prototype instrument and correlation network analysis was used to identify and separate chemically different components in this complex sample. In the analogue soil-tyrosine mixture distinct mass clusters belonging to the soil and the amino acid tyrosine could be identified. The permafrost measurement also separated two correlated mass clusters, which belong to an organic component, possibly amino acids, and a refractory soil component. The correlation network analysis technique thus helps interpret a large volume of mass spectrometric data generated with the unique capabilities of the ORIGIN space-prototype instrument and aid in the identification of compounds in chemically complex samples. Correlation network analysis is a promising tool for the analysis of astrobiologically relevant samples using ORIGIN and strengthens its case for future application on space exploration missions.
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