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Abstract

:

Raman spectroscopy is a non-destructive analytical technique for characterizing organic and inorganic materials with spatial resolution in the micrometer range. This makes it a method of choice for space-mission sample characterization, whether on return or in situ. To enhance its sensitivity, we use signal amplification via interaction with plasmonic silver-based colloids, which corresponds to surface-enhanced Raman scattering (SERS). In this study, we focus on the analysis of biomolecules of prebiotic interest on extraterrestrial dust trapped in silica aerogel, jointly with the Japanese Tanpopo mission. The aim is twofold: to prepare samples as close as possible to the real ones, and to optimize analysis by SERS for this specific context. Serpentinite was chosen as the inorganic matrix and adenine as the target biomolecule. The dust was projected at high velocity into the trapping aerogel and then mechanically extracted. A quantitative study shows effective detection even for adenine doping from a 5·10−9mol/L solution. After the dust has been expelled from the aerogel using a solvent, SERS mapping enables unambiguous adenine detection over the entire dust surface. This study shows the potential of SERS as a key technique not only for return samples, but also for upcoming new explorations.
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1. Introduction


It is hypothesized that an important quantity of organic matter could have been delivered to the early Earth via comet and asteroid bombardment [1,2]. Studying primitive extraterrestrial dust related to these small bodies is thus crucial to better characterize and understand this exogenous delivery that could have played a key role in prebiotic chemistry.



The Tanpopo 1 and 2 experiments were the first Japanese astrobiology missions conducted on board the International Space Station at 500 km altitude of the low Earth orbit in 2015–2020 [3]. The Tanpopo 1 and 2 missions consisted of several subthemes: the exposure and possible capture of terrestrial microbes in space, intact capture and post-retrieval analysis of organic compounds in interplanetary dust, exposure of astronomical organic analog compounds in space, measurement of micrometeoroid and space debris flux in the ISS orbit, and evaluation of ultralow-density aerogel developed for the micrometeoroid capture experiment. For the capture experiments, Tanpopo capture panels were employed. They consist of blocks of amorphous silica aerogel of 0.01 g/cc bulk density that were exposed to collect hypervelocity impact microparticles. Possible captured particles may include extraterrestrial dust (similar to micrometeorites and Interplanetary Dust Particles (IDPs) collected after entry in the Earth atmosphere), artificial orbital debris, and possibly terrestrial microparticles if they can reach the low Earth orbit altitudes. After collecting and returning the captured dust particles to the ground laboratory at the Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency (ISAS/JAXA), the captured particles were searched, documented, characterized, and extracted from the aerogel panels and then allocated for detailed analyses including the organic chemistry, isotope compositions, mineralogy, and impact-track morphology of the samples by the state-of-art analytical technique.



In this study, we developed an alternative sample analysis procedure to chemically analyze the organic matter in hypervelocity impact meteoroid analogs embedded within the Tanpopo aerogel. It was therefore important to optimize the analysis process on realistic samples that also reproduce the collection process in Tanpopo aerogel. Thus, as a ground-based simulation for the Tanpopo missions, we have conducted hypervelocity impacts experiments for the aerogel capture of rock powders at 6 km/s using a two-stage light gas gun (LGG) at ISAS/JAXA, in order to evaluate the extent of modification of organic matter in micrometeoroids and to develop a non-destructive method of organic matter analysis in this context.



The so-called “primitive” extraterrestrial dust originates from small bodies, such as asteroids and comets, which did not undergo differentiation processes after their accretion. This type of dust particle constitutes the main type of extraterrestrial dust collected on Earth. Decades of studies in this field, based mainly on meteorites of the chondritic type and on IDPs and micrometeorites of the same category, show that they are complex materials, characterized by relatively high mineralogical and compositional heterogeneities at the micrometric scale. This heterogeneity is mainly a heritage of the dust and ice particles that formed in the protoplanetary disk and got mixed and accreted to form planetesimals [4,5]. Post-accretion processes on the parent body, such as hydrothermal alteration and metamorphism, are responsible for a certain diversity of composition between small bodies and different stages of mineralogical and chemical evolution that can be observed from the meter (=asteroid scale) to the sub-millimeter scale (dust particle scale) [6]. As a result, in chondritic dust, different phases are observed close to each other or intermingled at the sub-micrometer scale (e.g., amorphous and crystalline phases, minerals, and carbonaceous materials [7,8]), with sometimes different formations and evolution histories (e.g., highly crystalline minerals possibly formed in the inner and hot part of the protosolar disk, mixed with organic compounds and volatiles, form the external and cold region of the disk) [9,10]. In chondrites (=primitive meteorites) that underwent aqueous alteration, phyllosilicates are dominant matrix components. Among them, the majority are close in composition and structure to terrestrial serpentines (iron and magnesium-rich T-O type silicates), although some T-O-T silicates such as saponites can also be found. For this reason, we chose a lizardite serpentine as a model mineral phase for our experiments. This has the additional advantage of allowing a comparison with systems extant on the early Earth (and early Mars), where such phases were formed from ultramafic rocks containing olivine.



In this study, we describe the results of LGG experiments at ~6 km/s, which is near the upper limit of the LGG velocity range but still at the lower end of the impact velocity distribution of micrometeoroids in the Earth vicinity. We used lizardite particles (50–100 μm) doped with organic molecules to document resistance to LGG acceleration and test the extraction and detection conditions for organic matter. Although the impacting velocity of particles on ISS may be much higher, we tested the highest practical velocity with the LGG employed to obtain the baseline data to test the possible capturing ability of the aerogel. As a first step, adenine, a nucleobase, was chosen to dope the mineral dust. Indeed, adenine is a key molecule in exobiology/astrobiology research because it is a component of nucleotides and a significant prebiotic factor [11]. It has also been detected in different chondrite samples (mainly, but not only, Orgueil and Murchison) in sub-ppm amounts [12,13,14].



Moreover, among nucleobases, adenine is particularly photo-stable. Adenine is involved in many biological processes, and in particular, as a metabolic cofactor in adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), nicotinamide adenine dinucleotide (NAD), nicotinamide adenine dinucleotide phosphate (NADP), flavine adenine dinucleotide (FAD), coenzyme A (CoA), cyclic adenosine monophosphate (cAMP), as well as in DNA and RNA. Adenine was chosen as the first-intention test molecule.



Some of the main interests in the analysis of meteorites and cosmic dust are the geochemical characterization and the detection and characterization of organic molecules. Several techniques can be used to characterize the captured samples in the aerogel, but many of them, such as gas chromatography, require extensive sample preparation and treatment. Raman spectroscopy is one of the most popular techniques for analyzing non-terrestrial samples because the samples do not require any pretreatment and provide structural and molecular information [15]. Micro-Raman spectroscopy allows in situ analyses, limiting contamination. Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive method for detecting traces of organic molecules [16,17,18,19]. SERS was previously used to study how adenine adsorbed on specimens from the Murchison and Zagami meteorites and monitor the driving forces that regulate the binding of nucleic bases to such extraterrestrial rocks [20]. This technique provides signal enhancements between 105 and 109—fold [21]. For example, this technique has been used to improve the Limit of Detection (LOD) of maleimide, an N-containing heterocyclic molecule common in biochemical processes, with potential applications in astrobiology [22]. SERS has been used to identify adenine in experiments with a Martian meteorite [23], calcite, clay, and basalt [24], and even to search for molecular evidence of life in rocks, sediments, and sedimentary deposits [21].



In this article, we prepared serpentinite dust samples and enriched them with adenine. These dusts were then projected at a velocity of 6 km/s using a two-stage LGG into the aerogel used for trapping on the ISS. Raman and SERS were used to characterize these samples before projection and after projection/extraction steps. Silver Creighton colloids were used to amplify the Raman signal [25]. This method has already been successfully used to detect the adenine adsorbed on Zagami, a Martian meteorite, and on Murchison, on montmorillonite samples, and also trapped directly in silica aerogel [20,26,27].




2. Results


To assess the reliable use of SERS for return samples analysis or for the in-situ search of organic matter in space missions, preliminary analyses on model samples as close as possible to the real specimens are essential. An important part of this work therefore concerns the development of model samples, involving the choice of an inorganic matrix, organic molecules to be detected, and high-velocity trapping in the capture aerogel. All these choices and sample preparation conditions are detailed in the Materials and Methods section. The second part of this work concerns the optimization of the analysis of these model samples by SERS.



To optimize the analysis protocol, the analysis was performed on clusters in a first step and on individual dust in a second step. To perform SERS analysis on 50 μm diameter particles is very challenging, because of the small size of the particle and the heating risk.



2.1. Analysis of Adenine-Doped Clusters


The SERS spectra of serpentinite dust particle clusters doped with more or less concentrated aqueous solutions according to the protocol presented in the Materials and Methods section are presented in Figure 1. It is worth noting that the way the samples are prepared can lead to the mesoscopic-level heterogeneity of the particles, with adenine possibly accumulating in certain places. This is due to adenine desorption upon contact with the silver colloid suspension, followed by uneven drying (“coffee-ring” effect). The quantities of adenine introduced are therefore not necessarily representative of the quantity actually probed by micro-Raman spectroscopy. In Table S1, the maximum adenine loading is estimated. Despite the complexity of this solid-phase measurement on heterogeneous clusters, the adenine signature can be found on all spectra presented in Figure 1, the intensity of the signal being correlated with the concentration of the initial solution. Even when doped with a very dilute solution (5·10−9 mol/L), adenine was clearly detected in the dusts. The band at 730 cm−1 was attributed to a breathing mode, and the multi-component band at 1330 cm−1 to mixed in-plane stretching vibrations of the six-membered ring [27].



The band at 230 cm−1 is assigned to silver chloride adsorption. To optimize adenine detection, MgCl2 was added by registering SERS spectra as a function of MgCl2 concentration (data not shown). The final chosen MgCl2 concentration was 10−2 mol/L.




2.2. Analysis of Individual Doped Serpentinite Dust


Individual dusts were analyzed by SERS prior to projection into the aerogel. To perform SERS analysis on individual dust, the particles are deposited on a golden mirror and a drop of aqueous premix is deposited on one individual particle. The main difficulty is to locate the particle after the colloid addition. Mapping is therefore carried out to localize the particle in the drop.



After a few minutes, the SERS spectrum appears. The characteristic adenine signature was obtained for the two concentrations used for enrichment (Figure S1). The signal is stable for around 30 min (as previously observed with clusters). The SERS spectra are identical to those obtained for the clusters (Figure 1). This promising step allows us to move on to the study of sieved and doped particles projected into the aerogel using the LGG, in order to reproduce mission return samples as closely as possible.




2.3. Analysis of Individual Doped Dust Infused in Adenine Solutions and Projected into the Aerogel after Mechanical Extraction


After LGG projection, dust are buried in aerogel (Figure 2).



Whatever the method of mechanical aerogel extraction, a thin layer of aerogel remains around the captured dust particle (Figure 3a). The presence of aerogel complicates the analysis of any organic molecules present, whatever the analytical technique. However, it seemed fundamental to us to be able to carry out an analysis of these dusts/particles without dissolving the aerogel, to limit any chemical alteration or modification of the dust content, and to be able to map any organic matter present as it would be essential to do for the dust collected by the Tanpopo mission.



As the first step, serpentinite and aerogel are mapped by Raman spectroscopy (Figure S2). Then, the presence and hydrophobicity of the Tanpopo aerogel have to be reduced to allow the addition of the aqueous colloid and then the contact with organic molecules that are essential for Raman signal exaltation and further detection. To this end, a drop of methanol/water solution is deposited on the aerogel. This causes the aerogel to shrink, literally “pushing” the dust out of the aerogel (Figure 3c,d). A first Raman map is then performed to check the absence of aerogel and the chemical nature of the dust. During LGG projection, debris and powder could be trapped in the aerogel and optically resemble serpentinite dust. Raman analysis confirms that the dust is composed in a majority of serpentinite (Figure 4B and Figure S2). No adenine signature was detected under Raman analysis. Then, a drop of colloidal solution can be added. After these steps, the particle is again mapped by micro-Raman spectroscopy (Figure 2C).



The Raman maps are shown in Figure 4, together with representative spectra. Prior to colloid addition, only a serpentinite signature can be detected (Figure 4B). After colloid addition, two different signatures are obtained for adenine: their location and a representative spectrum of each are presented in Figure 4C,E. These two adenine spectra are characterized by the band at 730 cm−1 and the two bands around 1330 and 1560 cm−1. They can be distinguished from each other by the relative intensity of these three bands, as well as by their location relative to the dust; the first signature (Figure 4E, spectrum b) is located on the dust, and could be attributed to the adenine adsorbed on the dust particle, whereas the second signature (Figure 4E, spectrum a) is located in the vicinity of the dust and could be due to the “free” adenine which redissolved in the aqueous phase during analysis (see Figure S3 for all the spectra obtained). The red color on the map presented in Figure 4C corresponds to the adenine distribution, whatever the signature is, as it monitors the area of the peak at 730 cm−1. The map presented in Figure 4D shows the ratio of the 1330 cm−1 peak area over the 730 cm−1 peak area. The intense blue color is localized on the particle (and not in its surroundings). This underlines the fact that the signature shown in Figure 4Eb (with the band at 1330 and 1560 cm−1 being more intense) is mainly located on the dust particle. This signature can be attributed to the chemical changes associated with a specifically adsorbed form of adenine interacting with the inorganic phase, and/or to more intense local heating, for this population of adenine molecules than for the ones that easily desorb, and consequently must have a weaker interaction with the surface.



Spectrum b seems to be a combination of adenine and carbon amorphous spectra (burnt adenine spectrum, Figure 5). The latter spectrum was obtained on the adenine burnt on serpentinite dust under laser excitation (with increased power) and shows characteristic broad bands at ~1350 and ~1560 cm−1, commonly associated to the D and G bands for disordered carbonaceous materials [28,29]. These observations can be related to the SERS analysis performed on heated samples (Figure 5), which shows the same pattern evolution. Indeed, after ~300 °C, adenine is degraded (Figure S4).



We analyzed four doped dusts projected into the aerogel using the LGG for this study, and relatively similar results were obtained for each, with two families of adenine spectra, as already observed. It should be noted, however, that no direct link can be made between the concentration of the solution used to dope the serpentinite with adenine and the SERS response of the individual dust particles, as adenine doping can be spatially heterogeneous on individual particles, as mentioned above, at least in the state in which they are analyzed. In one case, a signature of burnt organic matter was obtained, which may be due to the surface heating of the particle during its projection into the aerogel. The same phenomenon is likely to occur in real samples, i.e., micrometeoroids captured by aerogel in space, with surface carbonization.



Un-doped serpentinite samples were also prepared (with projection using the LGG step) and analyzed as a control (Figure 6). No adenine could be detected in these samples, even with optimized SERS conditions. Only the spectrum of serpentinite could be observed.



This analytical sequence involving SERS spectroscopy as an original detection method enables the search for organic matter in the particles collected by aerogel, with a maximum protection of the organic matter on the surface of the particles trapped in the aerogel. One of the advantages of SERS is that it does not require chemical extraction (with or without acid hydrolysis). Moreover, this analysis method is applicable to very small particle sizes, between 50 and 100 μm in this study, with chemical analysis of the particle matrix. The high sensitivity of the detection, up to single molecule detection, is perfectly relevant to this context.





3. Conclusions


We have proposed herein a protocol for preparing analogs of the micrometeoroids trapped in aerogels used for exposition on space stations. Analysis of these dust particles without the chemical attack of the hydrophobic, amorphous silica aerogel is difficult but feasible, even if a layer of aerogel remains around the dust particle, and we have set up a methodology based on Raman and SERS analysis for adenine mapping on individual dusts of adenine-doped serpentinite. Two different adenine signatures were obtained, possibly due to the presence of the “free” adenine that redissolved in solution, and physisorbed adenine on serpentinite. These promising results show that further studies are essential for the development of a database of SERS spectra of prebiotic molecules for space mission return samples, or for the development of onboard SERS for future space missions. As a matter of fact, the miniaturization and automation of Raman instruments and the optimization of the robustness of SERS analysis (SERS substrate, etc.) could enable the development of onboard devices for space missions [30,31].




4. Materials and Methods


4.1. Serpentinite


To reproduce the Tanpopo capture experiment, model extraterrestrial dusts were designed. The serpentine mineral was chosen to mimic the inorganic matrix. The serpentinite used comes from Mont Chenaillet [32] and was identified by X-ray diffraction and Raman spectroscopy as the polymorph lizardite (Table S2, Figure S5) [33,34,35]. Lizardite has the composition Mg3Si2O5[OH]4 and contains about 13 wt% H2O.



Serpentinite rock was first broken with a hammer on an aluminum plate into small pieces, which were then placed in a planetary mill. After grinding, the powders were sieved, and the portions recovered and used had the following diameters: between 50 and 100 µm, and between 100 and 150 µm.




4.2. Adenine Solutions


Adenine (≥99%) and MgCl2 (for molecular biology, 1.00 ± 0.01 mol/L) were purchased from Sigma-Aldrich (St. Louis, MO, USA). A 5·10−3 mol/L stock solution of adenine was prepared in water, heated at 90 °C (1 h to ensure dissolution) and diluted as necessary. For the most concentrated solutions, the adenine concentration was checked with UV-visible spectroscopy.




4.3. Adenine Doping of Serpentinite


To reproduce the Tanpopo capture experiments in space, model extraterrestrial dusts have been designed. Adenine-doped serpentinite particles were prepared through two different processes. In the first process, 20 mg of serpentinite powder was incubated with 480 µL of aqueous solutions of adenine. After 2 h, the pellet was centrifuged and placed on a glass slide and left to dry under air at room temperature. Maximum amount of Adenine adsorbed on serpentinite are presented in Table S1. The effective amount of adenine adsorbed was estimated by TGA (Thermogravimetric Analysis) on the sample prepared with the highest amount of adenine (5·10−3 mol/L) and was estimated to be 9.3% (w/w). Since the serpentinite fraction used has a specific surface area of 8 m2/g, we can estimate a surface density of about 0.9 adenine molecules per nm2, which is not far from the physical monolayer. These samples are generally used for preliminary batch analyses.



Doped serpentinite samples (10−4 mol/L in adenine) were heated until 300 °C to monitor the effect of temperature on organic doping. A few mg was deposited in a quartz or alumine cup and heated in a furnace oven Pyrox (up to 1000 °C/air) for 2 h prior to analysis.



A second, slightly different procedure is used for doping the dust that will be used for LGG projection. Approximately 20 mg of serpentine powder was added to approximately 5 mL of a 5·10−3 mol/L or 5·10−6 mol/L adenine solution and stirred at room temperature for 12 h. The adenine-doped particles were collected by centrifugation. The particles were washed twice with about 5 mL of pure water, collected by centrifugation, and then dried in a freeze-dryer.



Here, we use the term of “doping”, which is common in astrochemical experiments. In other contexts, these procedures could be referred to as adenine deposition—a term that does not prejudge the type or strength of interactions established between adenine and the mineral surface.




4.4. Aerogel Preparation


The hydrophobic aerogel blocks with the Tanpopo flight model quality were manufactured as described by Tabata et al. [36]. Aerogel blocks were prepared in a contamination-controlled environment in a facility in Chiba University [37].




4.5. Inclusion of the Dust in the Aerogel with Light Gas Gun Projection


Hypervelocity impact experiments using the two-stage LGG at ISAS/JAXA were conducted to simulate the intact capture of micrometeoroids using the same type of aerogel onboard the Tanpopo–ISS experiment.



The adenine-doped serpentine dust of 50–150 µm in average size were filled into a 7.1 mm-diameter polycarbonate cylinder called a sabot. The sabot was accelerated to about 6.2 km/s by the LGG under a vacuum of ~10 Pa. The sabots were separated after releasing into a free flight injection tube, and the dust filled inside the sabot were accelerated and flown toward the Tanpopo aerogel target. The aerogel which captured the ejected microparticles had a 0.01 g/cm3 density and was approximately 15 × 15 × 20 mm in size; it was placed at the end of the vacuum chamber so that the center of the injection tube was aligned by the center of the aerogel block. The decompression and recompression operations of the LGG vacuum chamber were performed slowly so as not to deform the aerogel. The penetration depth of the impacted mineral dust into the aerogel was approximately 3–5 mm. After the recovery of the aerogel block from the LGG chamber, the aerogel around the particles was cut out with a sharp blade (Figure 2). The samples were placed on aluminum foil and stored in the folded foil.




4.6. Creighton’s Colloid Synthesis


All the chemicals used were purchased from Sigma-Aldrich (St. Louis, MO, USA, purity ≥ 99%). Silver colloids were obtained by the gradual addition of a 100 mL silver nitrate solution (10−3 mol/L) to a 300 mL sodium borohydride solution (2·10−3 mol/L) under strong agitation at a low temperature (in a cool ice bath) in the dark [25]. The yellow solution obtained exhibits an absorption band at around 400 nm (measured on a Cary 3 UV-visible spectrometer, Varian, Victoria, Australia) and a Zeta potential of −35 mV (Malvern ZetaSizer, Malvern, UK).




4.7. Raman Instrumentation


Raman spectroscopy measurements were conducted using a LabRam HR800 (Horiba-Jobin Yvon, Longjumeau, France) instrument characterized as having a focal length of 800 mm, a 600 lines/mm grating and the Rayleigh line was filtered by using Ultra Law Frequency Bragg filters. The analyses were performed with the 514 nm excitation wavelength of a water-cooled Ar+ laser. The detector consists of a CCD camera with a Peltier effect cooling system. The spectral resolution was about 4 cm−1 and the calibration was checked with respect to the 520.5 cm−1 silicon band. The laser power was adjusted according to the sample (from 50 µW to 2 mW at the sample) and the counting time was from 5 to 30 s.




4.8. Mapping


Spectra were acquired with the LabSpec6 software (Horiba Jobin Yvon, Longjumeau, France), which allows an automated mapping acquisition by a motorized XY microscope stage. Raman maps were acquired by using a 100× LWD (long working distance) objective. For each sample, multiple (more than two) Raman or SERS maps were recorded to verify the reproducibility and sample stability with time.




4.9. SERS Analysis


4.9.1. Doped Serpentinite Clusters


In the first step, the analyses were carried out on sets of several dozen doped serpentinite dusts which were referred to as “clusters” in the following sections. These analyses on clusters allow optimizing the measurement conditions before carrying out the analysis on an individual particle.



A few mg of doped serpentinite was taken with a spatula and deposited on a gold mirror. Then, 3 to 5 μL of premixed silver colloid with salt (45 μL silver colloid, 5 μL MgCl2, final concentration of MgCl2 10−2 mol/L) was added. Focus was made on the dust/silver colloid interface (using the breathing mode of adenine around 730 cm−1, and the O-H stretching mode of water molecules around 3425 cm−1). Spectra were registered as a function of time (acquisition time around 5 s, 3 times) as the SERS effect evolves with time and especially with water evaporation. The most significant spectra are presented in Figure 1. The laser power was adjusted depending on the analyzed sample to prevent heating and burning, unless it is intended to carbonize the sample for reference purposes.




4.9.2. Individual Doped Serpentinite Particles


The samples were analyzed prior to projection in the aerogel. The dust particles were deposited on a gold mirror and dusts were separated with a single paint brush hair under a binocular. In addition, 0.5 μL of silver colloid was then added (premix: 45 μL of silver colloid, with 5 μL of MgCl2, final concentration of MgCl2 10−2 mol/L). SERS spectra were recorded after 15 min of incubation.




4.9.3. Individual Doped Serpentinite Particles after Aerogel Extraction


The analysis sequence is detailed in Figure 2C. The samples were prepared using the following steps: the addition of 0.5 μL of methanol/water solution (MeOH/H2O; 80/20) to chemically modify the aerogel and expulse the dust (incubation for about 10 min), prior to the addition of 0.5 μL of silver colloid (premix: 45 μL of silver colloid, with 5 μL of MgCl2, final concentration of MgCl210−2 mol/L). Raman mapping was performed before colloid addition and after 15 min of incubation. As a reference, dust without adenine was also analyzed, after the projection and extraction steps.
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Author Contributions


Conceptualization, M.-C.M., E.-L.Z., A.P., J.-F.L., D.B., H.Y. and A.Y.; Methodology, H.Y., F.M. and A.P.-A.; Validation, M.-C.M. and A.Y.; Formal Analysis, F.M., A.P.-A., A.P. and D.B.; Investigation, D.B., H.M., H.Y., S.H., F.M. and A.P.-A.; Resources, M.-C.M., M.T., H.M., H.Y. and S.H.; Visualization, H.M.; Writing—Original Draft Preparation, H.M., E.-L.Z. and A.P.; Writing—Review and Editing, M.-C.M., E.-L.Z., A.P., J.-F.L., D.B., A.P.-A., H.M., S.H., H.Y., M.T. and A.Y.; Supervision and Project Administration, M.-C.M., E.-L.Z., A.P. and A.Y.; Funding Acquisition, M.-C.M., E.-L.Z., A.P., J.-F.L. and D.B. All authors have read and agreed to the published version of the manuscript.




Funding


The project was funded by the Centre National d’Etudes Spatiales (CNES).




Data Availability Statement


All data and materials are available on request from the corresponding author. The data are not publicly available due to ongoing researches using a part of the data.




Acknowledgments


We thank the CNES (Centre National d’Etudes Spatiales) for their constant support in this work as well as for the studies on the origins of life. The research results were obtained using the Hypervelocity Impact Facility of ISAS, JAXA. We would like to thank Alain Polian and Yoann Guarnelli from the Institut de minéralogie, de physique des matériaux et de cosmochimie (IMPMC, Sorbonne Université, UMR 7590) for their help with using the micromanipulator.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Chyba, C.; Sagan, C. Endogenous Production, Exogenous Delivery and Impact-Shock Synthesis of Organic Molecules: An Inventory for the Origins of Life. Nature 1992, 355, 125–132. [Google Scholar] [CrossRef] [PubMed]

	



Chan, M.A.; Hinman, N.W.; Potter-McIntyre, S.L.; Schubert, K.E.; Gillams, R.J.; Awramik, S.M.; Boston, P.J.; Bower, D.M.; Des Marais, D.J.; Farmer, J.D.; et al. Deciphering Biosignatures in Planetary Contexts. Astrobiology 2019, 19, 1075–1102. [Google Scholar] [CrossRef] [PubMed]

	



Yamagishi, A.; Yokobori, S.-I.; Kobayashi, K.; Mita, H.; Yabuta, H.; Tabata, M.; Higashide, M.; Yano, H. Scientific Targets of Tanpopo: Astrobiology Exposure and Micrometeoroid Capture Experiments at the Japanese Experiment Module Exposed Facility of the International Space Station. Astrobiology 2021, 21, 1451–1460. [Google Scholar] [CrossRef] [PubMed]

	



Alexander, C.M.O.; Boss, A.P.; Keller, L.P.; Nuth, J.A.; Weinberger, A. Astronomical and Meteoritic Evidence for the Nature of Interstellar Dust and Its Processing in Protoplanetary Disks. In Protostars and Planets V; University of Arizona Press: Tucson, AZ, USA, 2007; pp. 801–814. [Google Scholar]

	



Chambers, J.E. Planet Formation, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2014; Volume 2, pp. 55–72. [Google Scholar]

	



Brearley, A.J. Nebular versus Parent Body Processing; Davis, A.M., Ed.; Elsevier-Pergamom: Oxford, UK, 2014; Volume 1, pp. 309–334. [Google Scholar]

	



Le Guillou, C.; Brearley, A. Relationships between Organics, Water and Early Stages of Aqueous Alteration in the Pristine CR3.0 Chondrite MET 00426. Geochim. Cosmochim. Acta 2014, 131, 344–367. [Google Scholar] [CrossRef]

	



Leroux, H.; Cuvillier, P.; Zanda, B.; Hewins, R.H. GEMS-like Material in the Matrix of the Paris Meteorite and the Early Stages of Alteration of CM Chondrites. Geochim. Cosmochim. Acta 2015, 170, 247–265. [Google Scholar] [CrossRef]

	



Scott, E.R.D.; Krot, A.N. Chondrites and Their Components; Davis, A.M., Ed.; Elsevier-Pergamom: Oxford, UK, 2014; Volume 1, pp. 15–36. [Google Scholar]

	



Bradley, J.P. Early Solar Nebula Grains—Interplanetary Dust Particles, 2nd ed.; Davis, A.M., Ed.; Elsevier: Amsterdam, The Netherlands, 2014; Volume 1, pp. 287–308. [Google Scholar]

	



Maurel, M.-C.; Décout, J.-L. Origins of Life: Molecular Foundations and New Approaches. Tetrahedron 1999, 55, 3141–3182. [Google Scholar] [CrossRef]

	



Schmitt-Kopplin, P.; Gabelica, Z.; Gougeon, R.D.; Fekete, A.; Kanawati, B.; Harir, M.; Gebefuegi, I.; Eckel, G.; Hertkorn, N. High Molecular Diversity of Extraterrestrial Organic Matter in Murchison Meteorite Revealed 40 Years after Its Fall. Proc. Natl. Acad. Sci. USA 2010, 107, 2763–2768. [Google Scholar] [CrossRef] [PubMed]

	



Callahan, M.P.; Smith, K.E.; Cleaves, H.J.; Ruzicka, J.; Stern, J.C.; Glavin, D.P.; House, C.H.; Dworkin, J.P. Carbonaceous Meteorites Contain a Wide Range of Extraterrestrial Nucleobases. Proc. Natl. Acad. Sci. USA 2011, 108, 13995–13998. [Google Scholar] [CrossRef]

	



Sephton, M. Organic Geochemistry of Meteorites. Treatise Geochem. Second Ed. 2013, 12, 1–31. [Google Scholar] [CrossRef]

	



Aramendia, J.; Gomez-Nubla, L.; Castro, K.; Fdez-Ortiz de Vallejuelo, S.; Arana, G.; Maguregui, M.; Baonza, V.G.; Medina, J.; Rull, F.; Madariaga, J.M. Overview of the Techniques Used for the Study of Non-Terrestrial Bodies: Proposition of Novel Non-Destructive Methodology. TrAC Trends Anal. Chem. 2018, 98, 36–46. [Google Scholar] [CrossRef]

	



Bukowska, J.; Piotrowski, P. Surface-Enhanced Raman Scattering (SERS) in Bioscience: A Review of Application. In Optical Spectroscopy and Computational Methods in Biology and Medicine; Baranska, M., Ed.; Springer: Dordrecht, The Netherland, 2014; Volume 14, pp. 29–59. [Google Scholar] [CrossRef]

	



Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L.T.; Itzkan, I.; Dasari, R.R.; Feld, M.S. Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS). Phys. Rev. Lett. 1997, 78, 1667–1670. [Google Scholar] [CrossRef]

	



Kneipp, J.; Kneipp, H.; Kneipp, K. SERS-a Single-Molecule and Nanoscale Tool for Bioanalytics. Chem. Soc. Rev. 2008, 37, 1052–1060. [Google Scholar] [CrossRef] [PubMed]

	



Moskovits, M.; Tay, L.-L.; Yang, J.; Haslett, T. SERS and the Single Molecule. In Optical Properties of Nanostructured Random Media; Shalaev, V.M., Ed.; Topics in Applied Physics; Springer: Berlin/Heidelberg, Germany, 2002; pp. 215–227. [Google Scholar] [CrossRef]

	



El Amri, C.; Baron, M.-H.; Maurel, M.-C. Adenine Adsorption on and Release from Meteorite Specimens Assessed by Surface-Enhanced Raman Spectroscopy. J. Raman Spectrosc. 2004, 35, 170–177. [Google Scholar] [CrossRef]

	



Bowden, S.A.; Wilson, R.; Cooper, J.M.; Parnell, J. The Use of Surface-Enhanced Raman Scattering for Detecting Molecular Evidence of Life in Rocks, Sediments, and Sedimentary Deposits. Astrobiology 2010, 10, 629–641. [Google Scholar] [CrossRef] [PubMed]

	



Aramendia, J.; Gomez-Nubla, L.; Tuite, M.L.; Williford, K.H.; Castro, K.; Madariaga, J.M. A New Semi-Quantitative Surface-Enhanced Raman Spectroscopy (SERS) Method for Detection of Maleimide (2,5-Pyrroledione) with Potential Application to Astrobiology. Geosci. Front. 2021, 12, 101226. [Google Scholar] [CrossRef]

	



Caporali, S.; Moggi-Cecchi, V.; Muniz-Miranda, M.; Pagliai, M.; Pratesi, G.; Schettino, V. SERS Investigation of Possible Extraterrestrial Life Traces: Experimental Adsorption of Adenine on a Martian Meteorite. Meteorit. Planet. Sci. 2012, 47, 853–860. [Google Scholar] [CrossRef]

	



Lafuente, B.; Navarro, R.; Sansano, A.; Rull, F. Surface-Enhanced Raman Spectroscopy (SERS) for Identifying Traces of Adenine in Different Mineral and Rock Samples. In Proceedings of the European Planetary Science Congress 2012, Madrid, Spain, 23–28 September 2012; p. 904. [Google Scholar]

	



Creighton, J.A.; Blatchford, C.G.; Albrecht, M.G. Plasma Resonance Enhancement of Raman Scattering by Pyridine Adsorbed on Silver or Gold Sol Particles of Size Comparable to the Excitation Wavelength. J. Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys. 1979, 75, 790–798. [Google Scholar] [CrossRef]

	



El Amri, C.; Baron, M.-H.; Maurel, M.-C. Adenine and RNA in Mineral Samples.: Surface-Enhanced Raman Spectroscopy (SERS) for Picomole Detections. Spectrochim. Acta. A Mol. Biomol. Spectrosc. 2003, 59, 2645–2654. [Google Scholar] [CrossRef] [PubMed]

	



Percot, A.; Zins, E.-L.; Al Araji, A.; Ngo, A.-T.; Vergne, J.; Tabata, M.; Yamagishi, A.; Maurel, M.-C. Detection of Biological Bricks in Space. The Case of Adenine in Silica Aerogel. Life 2019, 9, 82. [Google Scholar] [CrossRef]

	



Quirico, E.; Montagnac, G.; Rouzaud, J.-N.; Bonal, L.; Bourot-Denise, M.; Duber, S.; Reynard, B. Precursor and Metamorphic Condition Effects on Raman Spectra of Poorly Ordered Carbonaceous Matter in Chondrites and Coals. Earth Planet. Sci. Lett. 2009, 287, 185–193. [Google Scholar] [CrossRef]

	



Ferrari, A.C.; Robertson, J. Interpretation of Raman Spectra of Disordered and Amorphous Carbon. Phys. Rev. B 2000, 61, 14095–14107. [Google Scholar] [CrossRef]

	



López Reyes, G.E.; Rull Pérez, F. A Method for the Automated Raman Spectra Acquisition. J. Raman Spectrosc. 2017, 48, 1654–1664. [Google Scholar] [CrossRef]

	



Fabre, V.; Carcenac, F.; Laborde, A.; Doucet, J.-B.; Vieu, C.; Louarn, P.; Trevisiol, E. Hierarchical Superhydrophobic Device to Concentrate and Precisely Localize Water-Soluble Analytes: A Route to Environmental Analysis. Langmuir 2022, 38, 14249–14260. [Google Scholar] [CrossRef] [PubMed]

	



Lafay, R.; Deschamps, F.; Schwartz, S.; Guillot, S.; Godard, M.; Debret, B.; Nicollet, C.; Lafay, R.; Deschamps, F.; Schwartz, S.; et al. High-Pressure Serpentinites, a Trap-and-Release System Controlled by Metamorphic Conditions Example from the Piedmont Zone of the Western Alps. Chem. Geol. 2013, 343, 38–54. [Google Scholar] [CrossRef]

	



Auzende, A.-L.; Daniel, I.; Reynard, B.; Lemaire, C.; Guyot, F. High-Pressure Behaviour of Serpentine Minerals: A Raman Spectroscopic Study. Phys. Chem. Miner. 2004, 31, 269–277. [Google Scholar] [CrossRef]

	



Rinaudo, C.; Gastaldi, D.; Belluso, E. Characterization of Chrysotile, Antigorite and Lizardite by Ft-Raman Spectroscopy. Can. Mineral. 2003, 41, 883–890. [Google Scholar] [CrossRef]

	



Petriglieri, J.R.; Salvioli-Mariani, E.; Mantovani, L.; Tribaudino, M.; Lottici, P.P.; Laporte-Magoni, C.; Bersani, D. Micro-Raman Mapping of the Polymorphs of Serpentine. J. Raman Spectrosc. 2015, 46, 953–958. [Google Scholar] [CrossRef]

	



Tabata, M.; Kawai, H.; Yano, H.; Imai, E.; Hashimoto, H.; Yokobori, S.; Yamagishi, A. Ultralow-Density Double-Layer Silica Aerogel Fabrication for the Intact Capture of Cosmic Dust in Low-Earth Orbits. J. Sol-Gel Sci. Technol. 2016, 77, 325–334. [Google Scholar] [CrossRef]

	



Yamagishi, A.; Hashimoto, H.; Yano, H.; Imai, E.; Tabata, M.; Higashide, M.; Okudaira, K. Four-Year Operation of Tanpopo: Astrobiology Exposure and Micrometeoroid Capture Experiments on the JEM Exposed Facility of the International Space Station. Astrobiology 2021, 21, 1461–1472. [Google Scholar] [CrossRef]








[image: Gels 10 00249 g001] 





Figure 1. SERS spectra as a function of adenine concentration after incubation with serpentine dust. Measurements are taken on a cluster of grains. Representative spectra are shown. 
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Figure 2. Captured particles in aerogel after projection at a velocity of 6.2 km/s using a two-stage LGG (A); particle after extraction with a small amount of aerogel around (B); sequence followed for the analysis of dust extracted from aerogel after LLG projection: observation, extraction of aerogel by addition of MeOH/H2O, control Raman mapping and finally, addition of Creighton colloid for SERS analysis and adenine detection (C). 
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Figure 3. Monitoring of dust expulsion from the residual aerogel by addition of MeOH/H2O under microscope as a function of time (objective 10×): 50 μm serpentinite dust with remaining aerogel (arrow) (a), after addition of 0.5 μL MeOH/H2O (b), aerogel shrinking and solvent evaporation (c), dust expulsion with shrunken remaining aerogel (d). 
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Figure 4. Raman mapping of a doped serpentinite dust with 5·10−6 mol/L of adenine after projection/extraction of the aerogel. (A) Light microscope image of the serpentinite dust after MeOH/H2O step, with the Raman map area; (B) representative Raman spectra extracted from Raman mapping out of the dust on the aluminum foil (a) and on the dust (b); (C,D) after Creighton colloid/MgCl2 addition, a new Raman mapping was performed, (C,D) maps correspond, respectively, to the distribution of the 730 cm−1 peak area (the red scale goes from 200 to 2000 counts) and of the ratio of the 1330 cm−1 peak area over the 730 cm−1 peak area (blue scale goes from 1 to 5). (E) Presents representative SERS spectra obtained out of the dust on the aluminum foil (a); on the dust (b). The complete set of spectra is presented in Figure S3. 
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Figure 5. SERS spectra as a function of heating for a 10−4 mol/L adenine-doped serpentinite dust. The “burnt” adenine spectrum is obtained on doped serpentinite dust under laser excitation (with increased power). Measurements were taken on a cluster of grains. Representative spectra are shown. 
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Figure 6. Raman mapping of a non-doped serpentinite dust after projection/extraction of the aerogel. (A) Light microscope image of the serpentinite dust (blue line to highlight the contour) after MeOH/H2O step and Creighton colloid/MgCl2 addition, superimposed with a Raman map; blue map corresponds to the area of the serpentinite 685 cm−1 band; (B) all the spectra obtained on the dust surface after colloid addition are presented. No signal corresponding to adenine markers, a