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The Europan Molecular Indicators of Life Investigation (EMILI) is an instrument concept being developed for the Europa Lander mission currently under study. EMILI will meet and exceed the scientific and technical/resource requirements of the organic composition analyzer identified as a core instrument on the Lander. EMILI tightly couples two complementary analytical techniques, based on 1) liquid extraction and processing with capillary electrophoresis and 2) thermal and chemical extraction with gas chromatography, to robustly detect, structurally characterize, and quantify the broadest range of organics and other Europan chemicals over widely-varying concentrations. Dual processing and analysis paths enable EMILI to perform a thorough characterization of potential molecular biosignatures and contextual compounds in collected surface samples. Here we present a summary of the requirements, design, and development status of EMILI with projected scientific opportunities on the Europa Lander as well as on other potential life detection missions seeking potential molecular biosignatures in situ.
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INTRODUCTION
Jupiter’s moon Europa holds promise as a potential abode of extraterrestrial life within its global subsurface ocean. The presence of abundant liquid water (greater volume even than on Earth), available energy, and chemical reservoirs together at Europa meet hypothesized criteria for habitability and for the possibility of biology of an origin utterly independent of Earth’s (National Research Council, 1999; Chyba and Phillips, 2002). Following the pathfinding discoveries of Europa’s unique features during the Galileo mission (Pappalardo et al., 2009) and from telescopic observations (Roth et al., 2014; Sparks et al., 2016), NASA is now preparing to launch the Europa Clipper flagship mission (planned for 2024), that will thoroughly analyze Europa’s habitability and provide surface maps of topography and composition from a multiple-flyby spacecraft (Howell and Pappalardo 2020; Jackson et al., 2020). Such data would support the final planning of a proposed surface mission directly focused on astrobiology. The Europa Lander under study (Hand et al., 2017) would perform detailed analysis of solid (ice-rich) samples from a carefully selected site hosting near-surface materials potentially in recent (e.g., Ma timescales) contact with the subsurface ocean. Such samples would be investigated for any potential biosignatures, as direct evidence of organisms or indirectly indicating possible pre-biotic or biogenic processes in the ocean, that have survived transport to the surface and its associated damaging radiation conditions. While pre-defining what is or is not a Europan biosignature may appear as a daunting task, recent directions in astrobiology have begun to put potential evaluation criteria on a rigorous footing (National Academies of Sciences, Engineering, and Medicine (NASEM), 2019; Neveu et al., 2018; Pohorille and Sokolowska 2020).
Detection of molecular biosignatures is the most powerful and universal analytical approach to the search for extraterrestrial life (National Academies of Sciences, Engineering, and Medicine (NASEM), 2017; National Academies of Sciences, Engineering, and Medicine (NASEM), 2019; Summons et al., 2008; Hand et al., 2017). Potential molecular biosignatures (PMBs) can be sought directly from a sample in situ using a set of complementary techniques to acquire an extensive, ideally complete, chemical inventory. This is possible not only by searching sensitively for the presence of established biomarkers (e.g., biomolecular units and informational polymers), but also by surveying a broadly representative profile of all organic molecular species and structures to reveal abundance and structural patterns that may comprise a collective PMB. By casting a sufficiently wide net of chemical analysis, even fundamentally “alien” PMBs may be discovered. Assessing the populations of molecules and their properties enables a thorough and potentially robust means for PMB identification and interpretation.
The Europan Molecular Indicators of Life Investigation (EMILI) is an instrument concept for detection and characterization of potential molecular biosignatures in solid samples acquired on the Europa Lander mission. EMILI seeks to achieve both analytical breadth, as motivated by the need for a comprehensive molecular analysis of unknown samples, and very high sensitivities for astrobiologically important targeted species such as amino acids, fatty acids, and key light gases. EMILI is designed to make these measurements with a low-risk, flight-compatible design matching the available Europa Lander resource envelope and concept of mission operations.
SCIENTIFIC MEASUREMENT REQUIREMENTS AND APPROACH
The top-level Europa Lander Objective 1A: “Detect and characterize any organic indicators of past or present life” leads directly to two core Investigations (1A-1 and 1A-2) and associated Measurement Requirements (1A-1.1 through 1A-2.2), fully addressed by EMILI, as follows from Hand et al. (2017):
“1A-1: Determine the abundances and patterns (i.e., population distributions) of organic compounds in the sampled material, with an emphasis on identifying potentially biogenic characteristics.
1A-1.1 Determine the presence, identities, and relative abundances of amino acids, carboxylic acids, lipids, and other molecules of potential biological origin (biomolecules and metabolic products) at compound concentrations as low as 1 pmol in a 1 g sample of Europan surface material.
1A-1.2 Determine the broad molecular weight distribution to at least 500 Da (Threshold) and bulk structural characteristics of any organics at compound concentrations as low as 1 pmol in a 1 g sample of Europan surface material.
1A-2: Determine the types, relative abundances, and enantiomeric ratios of any amino acids in the sampled material.
1A-2.1 Identify and detect (at 1 nM LOD*) at least eight of the following amino acids: Ala, Asp, Glu, His, Leu, Ser, Val, Iva, Gly, β-Ala, GABA, and AIB, with at least one from each representative class (abiotic, biotic, proteinogenic). Note that for chiral amino acids, limit of detection is 1 nM for each of the two different chiral forms.
1A-2.2 Quantify abundances of all amino acids detected relative to glycine (Gly) at an accuracy of better than or equal to 2%.
1A-2.3 Quantify enantiomeric excess (ee) of at least three proteinogenic amino acids, one abiotic amino acid, and histidine, with an accuracy of 5% or better.”
These requirements call for the combination of organic molecule detection and quantification, as well as structural characterization of both targeted (e.g., amino acid) and untargeted (and composite) PMBs. Investigation 1A-1 covers the range of possibilities that exist for biogenic chemicals or patterns thereof to be expressed in the Europan environment and distinguished from abiotic chemistry. These could comprise known patterns, such as an even-odd carbon number bias in the hydrocarbon chains of fatty acids, or general identifiers such as bioselection of a very narrow sub-range of all possible molecular weights or isomers in a structurally related series of PMBs. Investigation 1A-2 highlights the central position that amino acids–their types, abundance ratios, and enantioselectivity–play in considerations of extraterrestrial biochemistry. On Earth, the measurements of requirement 1A-2 together are sufficient to establish biogenicity. While it is not necessarily expected that Europan life should utilize precisely the amino acid set of terrestrial biology, in precisely the same proportions, etc. it is acknowledged that a targeted investigation of these compounds and characteristics represents a plausible and potentially highly robust hypothesis-driven search for building blocks of extant Europan life. Amino acids are plentiful established precursors available from the protosolar nebula and/or primitive parent body chemistry, and are manifestly effective in the role of monomer units in the aperiodic crystal (Schrödinger 1944) (e.g., informational polymer) hypothesis of universal life, in particular forming peptide bonds which, in conjunction with chiral preference, form the basis of protein biochemistry.
In the Europa Lander report (Hand et al., 2017), Objective 1A additionally calls for a third Investigation 1A-3: “Determine whether the carbon stable isotope distribution among organic and inorganic carbon is consistent with biological activity,” with one associated Measurement Requirement 1A-3.1: “Measure the carbon stable isotope composition of multiple compounds, compound classes, or pools of carbon with a relative standard deviation of no greater than 5‰ (5 per mille) in each measurement. Note that to achieve such measurements for organic compound concentrations as low as 1 pmol per gram, the LOD would need to be at most 10 fmol per gram to measure 13C/12C in a C1 compound.” This investigation is nominally categorized as a Baseline but not a Threshold component of 1A; that is, the mission is conceived to include 1A-3 in its design, however it is still considered scientifically complete and viable without it, should simplifications be necessary for successful implementation within cost and schedule limits. Briefly, the reasoning is that while isotopic data are extremely powerful, with identification of isotopically light carbon (δ13C < 0) in some organics potentially associated with biology (as it is on Earth), the result is subject to ambiguity. Lacking assured isotope systematics across the Europan environment to establish clear fractionation statistics of multiple pools of carbon, the a priori false-positive rate may be too high, when compared to results from 1A-1 and 1A-2, which in principle can be assessed locally. As such, in the interest of simplicity, the EMILI design does not presently carry requirements to address Investigation 1A-3. The instrument is theoretically capable of making these measurements; however, doing so robustly with performance margin may lead to resource levels (mass, power, time) that are less likely to fit within allocated mission constraints. This pragmatic limitation in no way implies that the value of isotopic studies in understanding Europa should be discounted. Stable isotope ratios for H, C, O, S, and the noble gases are of particular value to understanding the evolution and habitability of Europa, when compared with Jovian, solar, and terrestrial planet reservoirs. Future work will assess the resource-performance trade for 1A-3 as well as other isotope systems of interest.
EMILI also supports a separate Europa Lander Objective 1D: “Determine the provenance of sampled material” via its chemistry-associated Investigation 1D-2: “Characterize the chemistry of the near-subsurface to determine the endogenous versus exogenous origin of the sample, and any surface processing of potential biosignatures.” While not seeking to detect potential molecular biosignatures directly, this investigation does provide critical data to help understand the likelihood that any molecular species found derive from the subsurface ocean vs. from external, circum-Jovian sources, as well as the degree of radiolytic processing/alteration these compounds may have endured. Such information can be partially inferred from analysis of inorganic ions (such as salts) and gases (such as H2O2, CO2, H2S, etc.), as well as the distribution of potentially degraded organic compounds themselves, thus providing environmental context for assessment of potential habitability and biosignatures. It was broadly required by the Europa Lander Science Definition Team (SDT) report that salts and light gases should be analyzed with a limit of detection of one part per thousand (ppth) by weight, assuming as in 1A that this measurement is taken from a collected bulk sample of approximately 1 g.
Following these Lander requirements, analytical targets of EMILI may be considered as a nested set, represented graphically in Figure 1. The broadest inventory of chemicals - All Species - include those providing contextual information that directly supports 1D-2. Within this realm is a population of organic compounds that exhibit the variety of structurally related Organic Classes that may include PMBs identifiable by their abundance distributions, complexity, or telltale functionality, directly supporting 1A-1. Furthermore, among these are a subset of key Targeted Organics, particularly amino acids and fatty acids, that merit focused attention for their value in constituting a PMB. Their analysis directly supports 1A-2 (which is exclusive to amino acids) as well as 1A-1. Moving from the outer to inner circle in Figure 1, as the breadth of analysis required decreases, the analytical figures of merit become more stringent. For example, standard error requirements for quantitative analysis of abundance and enantiomer ratios of amino acids at concentrations as low as nanomolar (nM) levels would need to be quite tight (relative standard deviations of a few %), necessitating high signal-to-noise ratios and reproducibility (Hand et al., 2017).
[image: Figure 1]FIGURE 1 | EMILI addresses molecular analysis requirements of the Europa Lander with a nested approach including broad characterization of All Species for context, and more focused and stringent analyses of organic compounds that could comprise a PMB. The need to answer questions associated with each target drives the design of EMILI instrumentation and the necessary processing of its data.
Extraction and clear detection of molecular species from extraterrestrial materials, unknown in advance, is a major challenge in designing in situ planetary instruments due to the enormous variety of potential species and sample properties. However, it is possible to avoid significant detection “blind spots” by considering two useful chemical parameters that describe chemical phase space in a robust and systematic way: solubility and volatility (Figure 2). The equilibrium solubility of organics in liquid water (brine) at Europa varies widely over a range of important molecular structures in correlation to their polarities: nonpolar hydrocarbons have very low water solubilities (below 10−2 mol L−1) while polar organics such as many carboxylic acids as well as salts expected at Europa, such as MgSO4, are highly water soluble (∼1 mol L−1). Some example priority species that may be found on Europa over this range are depicted in Figure 2. Independently, species mixed in Europa’s ice-rich surface may range over a wide range of volatility, expressed inversely in Figure 2 as the molar heat (or enthalpy) of vaporization, ΔHvap. Compounds with the lowest ΔHvap may be trapped as gas pockets within ice or minerals (e.g., CO2, CH4) or may enter the gas phase under modest heating (e.g., short aliphatic hydrocarbons, alcohols, benzene) while species with ΔHvap in the hundreds of kJ mol−1 range are nonvolatile (e.g., most polycyclic aromatic hydrocarbons (PAHs), peptides) and may or may not thermodesorb intact, depending on their chemical nature and structure.
[image: Figure 2]FIGURE 2 | The two-dimensional molecular phase space spanned by water solubility and heat of vaporazation illustrates the wide range of compounds targeted for analysis on Europa. Different example classes (a–h) fall within zones that are more or less amenable to analysis by the two subsystem modes of EMILI: OCEANS primarily covering the upper/upper-right region and GAPS primarily covering the lower/lower-left region. Some compounds such as amino acids are analyzed by both approaches, which provides more robust identification as well as some science redundancy.
The strategy for EMILI is thus to provide maximal coverage of the phase space in Figure 2, through a complementary combination of front-end and analytical instrument capabilities based on optimized chemical extraction, separation, and detection steps in both liquid and gas phase. This is achieved by combining analyses by chemical derivatization gas chromatography (GC) and subcritical water extraction capillary electrophoresis (CE) protocols, interfaced to a common high-sensitivity mass spectrometer (MS). The GC protocol, realized in the EMILI Gas Analysis Processing System (GAPS), is most amenable to analysis of lower polarity, volatile and semi-volatile molecules, primarily in the lower and lower-left regions of Figure 2, notably including the fatty acids (d) accessible via thermochemolysis. GC-MS has been applied successfully on a number of planetary missions to Mars and Titan. The CE protocol, realized in the EMILI Organic Capillary Electrophoresis ANalysis System (OCEANS), is most amenable to detection of polar/water-soluble and less-volatile organics, primarily in the upper and upper-right regions of Figure 2. While new to spaceflight, CE robustly enables sensitive multi-detector analysis of the water-soluble fraction via liquid-based separation, most compatible with Ocean Worlds astrobiology. As such, merged gas/GC and liquid/CE protocols provide an optimal strategy for EMILI and a unique approach for future potential astrobiology missions.
EMILI DESIGN OVERVIEW
EMILI comprises three analytical subsystems: OCEANS, GAPS, and an ion-trap mass spectrometer (ITMS), along with a main electronics box (MEB). A simplified block diagram is shown in Figure 3. Ice-rich (cryogenic) particulate sample obtained by a cutting and scooping tool on the lander’s arm is delivered to EMILI in cups, via the Collaborative Acceptance and Distribution for Measuring Europan Samples (CADMES) system (Malespin et al., 2020). In the baseline design, OCEANS and GAPS feature distinct cup types, each nominally accepting up to 1 g of sample. A several-cup cache of each type is thus intended to be stored within CADMES. The GAPS cup is loaded into a Pyrolysis Oven for both heating and chemical derivatization preparation for GC-MS. The OCEANS cup is loaded into a Liquid Extraction Module (LEM) for subcritical water extraction preparation for CE. Details are provided in the respective subsystem sections below. Concepts for a single common cup design serving both GAPS and OCEANS are in development and will be considered following planned EMILI performance vs. complexity trade studies. At a high level, GAPS provides the sample processing and analyte separation required for GC-MS (and evolved gas analysis, EGA), with the ITMS providing the sole GAPS molecular detection method. OCEANS provides liquid-based extraction via the LEM, preparation and delivery of the sample via the Sample Processing Unit (SPU), and electrophoretic separation to enable three independent detection methods for each sample: Capacitively-Coupled Contactless Conductivity Detection (C4D), Laser-Induced Fluorescence (LIF), and Mass Spectrometry via Electrospray Ionization (ESI) (also termed CE-MS). These multiple detection modes, detailed below, provide the complete and complementary analytical set enabling the EMILI strategy to meet mission objectives. The MEB includes modules to provide overall power and functional DC voltages, command and data handling (CDH) including data storage and autonomous initial analysis, valve and heater control, and micro-control of GAPS, OCEANS, and ITMS electrode voltage sequences which are programmed through parameterized CDH-driven scripts. AC voltage control for ion trapping and manipulation is provided separately and in close proximity to its application in the ITMS.
[image: Figure 3]FIGURE 3 | The EMILI block diagram illustrates the organization of the instrument into GAPS, OCEANS, ITMS, and MEB. Sample delivery and gas exhaust interfaces are shown only notionally, and electrical and thermal interfaces are not shown, for simplicity.
EMILI is designed to comply with all Lander-specified resource constraints, including the shape and volume of payload accommodations. A preliminary concept for the mechanical packaging configuration of EMILI is depicted in Figure 4. The bounding pink volume indicates the approximate “large instrument” envelope available in the Lander’s radiation-protected vault, wherein various instruments would be positioned to interface with CADMES to accept and analyze delivered sample. As shown in Figure 4, the EMILI instrumentation fits in the available volume with margin. In addition to the shown sample cup interface (with a notional delivery axis), EMILI additionally requires access for vent ports to low external pressure (ultimately the hard space vacuum at the Europan surface) and electrical connections to the Lander power and data subsystems (not shown). Assemblies of the main subsystems of EMILI: OCEANS, GAPS, ITMS, and MEB are indicated with color coded labels.
[image: Figure 4]FIGURE 4 | Mechanical packaging concept for EMILI, providing example configuration that accommodates volume envelope (pink box) provided by the Europa Lander vault (relative position depicted roughly in lower right lander image). EMILI comprises OCEANS, GAPS, and the (shared) ITMS and MEB subsystems indicated by blue, green, and black labeling, respectively. The notional positioning and interface axis of the Sample Delivery elements–Oven Cup for GAPS and Liquid Cup for OCEANS–illustrate a “deep port” concept where both cups are installed through the same vault wall penetration to individual receiving stations (with cup elevators as shown). Wire harnesses and narrow-gauge plumbing lines are not shown in this image.
While a complete description of other Lander mission-imposed requirements on EMILI, including electrical, thermal range, mechanical vibration and shock, and planetary protection aspects, is beyond the scope of this paper, the EMILI investigation is on track to meet all within system margins. Many of these are derived from prior flight instrument development heritage, such as for Mars and Moon missions. One particular challenge worth mention here is the extremely high-dose-rate ionizing radiation environment in the Jovian system, including at the surface of Europa. Any unshielded hardware on the Europa Lander will receive on the order of several megarad (Mrad) of total ionizing dose (TID) of charged-particle flux that has been dramatically accelerated by the Jovian magnetosphere, over a far greater span of kinetic energies than achieved simultaneously in any Earth particle accelerator. As such, all critical instrumentation and electronics that would otherwise be ravaged by such TID are housed within a protective multilayer metallic shield called a “vault.” The much-reduced TID level that must be tolerated by instruments in the vault is 150 krad (normally doubled to 300 krad for testing with 100% engineering margin). EMILI subsystems have been developed with this requirement in mind. The vault notwithstanding, one aspect of initial concern, based on prior work, was the stability of the various chemical reagents within EMILI against radiolytic degradation over all mission phases, including multi-year interplanetary cruise and pre-landing Jupiter orbits, as well as during surface operations. Through a series of published experimental tests over the past several years coordinated by EMILI subteams at GSFC, JPL, and ARC, we have demonstrated that the critical molecular reagents, including mass spectrometer calibrants, GC and CE derivatization agents, fluorescent tags, and other components in the OCEANS subsystem are not significantly degraded by the 300 krad TID (Creamer et al., 2018; Freissinet et al., 2019).
OCEANS–ORGANIC CAPILLARY ELECTROPHORESIS ANALYSIS SYSTEM
The EMILI OCEANS subsystem is a liquid-based chemical analyzer for low-limit-of-detection measurements of water-soluble organics. As indicated (Figure 3), OCEANS comprises the LEM, the SPU, and the complete CE system including both LIF and C4D detection subsystems as well as the electrospray interface to the ITMS. OCEANS realizes within EMILI the integrated product of many years of scientific and technical development of CE-based capabilities for planetary missions led by the Jet Propulsion Laboratory and partners at NASA Ames Research Center and at Honeybee Robotics, now achieving a high technology readiness level (TRL) for mission implementation (e.g., Willis et al., 2015; Creamer et al., 2017; Mora et al., 2021).
CE is a high-resolution analytical separation technique for molecules in solution. CE separations occur within small fused slica capillaries, requiring miniscule amounts of sample and reagents (nl and μl respectively). CE is the simplest of all liquid separation techniques to implement for planetary science because the hardware does not require packed resin columns, functionalized coatings that can degrade with time, or high-pressure pumps (Willis et al., 2015). CE basically requires a glass capillary and a low-power high-voltage (HV) source. The HV drives the separation by generating electro-osmotic flow (EOF) – a bulk flow of the solution inside the capillary. This flow ensures that all molecules (negative, positive or neutral) travel from the entrance to the exit of the capillary. Within this flow, molecules separate according to differences in electrophoretic mobility (a function of charge/shape).
OCEANS Methods
Each of the three detection modes has specific CE method(s) developed for complementary classes of molecular targets to cover the widest possible range of biosignatures and chemical context markers. Figure 5 provides examples of OCEANS data in each of the modes on mixtures of amino acids, carboxylic acids, and inorganic salts in Europa analog samples. Each mode is described below.
[image: Figure 5]FIGURE 5 | OCEANS example data from analysis of mixtures of amino acids, carboxylic acids, and inorganic salts in Europa analog samples using EMILI-proxy commercial CE instrumentation and ground-support mass spectrometer. Numbered peaks in fluorescence at 50 nM (A), mass spectrometry at 50 μM (B), cation conductivity at 100 μM (C), and anion conductivity at 100 μM (D) indicate separated compounds in grouped categories (individual labels not shown for simplicity). Astrobiologically-important amino acids indicated (1–13) in CE-LIF spectrum (A) follow those of Creamer et al. (2017).
CE-LIF is used for separating enantiomeric forms of amino acids and detecting them at very low concentrations (nM), taking advantage of high-sensitivity LIF detection. We have previously demonstrated chiral separation of the 13 most astrobiologically relevant amino acids and validated this method by analyzing amino acids (5–25 nM) in hypersaline samples without desalting or preconcentration (Creamer et al., 2017). We have also shown that the performance of the reagents needed for both the CE separations and the fluorescent labeling of amino acid analytes are not affected by the radiation levels expected during the lifetime of a mission to Europa (Creamer et al., 2018). In addition, we have shown that the reagents and fluorescent dye are also stable for years when stored dry at moderate temperatures, making them suitable for use after the long transit times required by planetary missions (Creamer et al., 2019).
The CE method for ESI-MS allows detection of a wide range of polar organics that are not optimally analyzed by GC-MS (Figure 2). CE is an ideal separation method to couple with ESI, since the performance of ESI significantly improves with a reduction of flow to the “nanospray” regime (Schultz and Moini 2003). We have recently demonstrated CE-MS analysis of a mixture of 25 compounds including amino acids, peptides, nucleosides, and nucleobases as an example of what a broad-based positive ion mode can achieve during a mission (Mora et al., 2021). This method is tolerant to high concentrations of salts, as we demonstrated separation performance of solutions at half saturation for both sodium chloride and magnesium sulfate. Like the reagents needed for CE-LIF, we have also shown that the simple one-component background electrolyte solution needed for this method, 5 M acetic acid, is stable under Europa Lander mission TID levels and for years of storage without special handling (Ferreira Santos et al., 2021).
Conductivity detection using C4D allows a broad capability for the label-free detection of charged compounds. Taking advantage of this, we have developed two CE-C4D methods targeting either positively charged or negatively charged analytes. The cation method allows simultaneous separation of inorganic cations such as sodium, magnesium, calcium etc. and positively charged organic ions such as amino acids and amines at suitably low pH (Ferreira Santos et al., 2018). The anion method enables simultaneous separation of inorganic ions such a chloride, phosphate, nitrate etc., carboxylate anions such as formate, oxalate, malate, and short-chain fatty acids from C3 to C10 (Jaramillo et al., 2021). Both methods are broadly salt tolerant to allow direct analysis of natural samples. The cations method uses a background electrolyte that is identical to that of the CE-MS method, and therefore is stable under required radiation and storage conditions. In addition, this allows for the two detection modes to operate simultaneously in one capillary at the same time as the C4D detector is noncontact and nondestructive and can be placed just upstream of the electrospray tip.
OCEANS Hardware
The core of the OCEANS hardware is a capillary-based CE system compatible with all three detection modes, described in detail previously (Zamuruyev et al., 2021). Briefly, the system is based on rotor-stator style valves to allow robust sample injection with mechanical decoupling of the high voltage (HV) electrode reservoir from the rest of the fluidic system. In addition, a pneumatic gas supply can dry out the appropriate fluidic pathways to provide reliable HV isolation during CE separations. This system implements all CE methods needed for the different detection modes.
The LIF detection system is a fiber-coupled confocal epifluorescence approach, similar to our microchip electrophoresis system (Mora et al., 2020). The differences are that a 488-nm laser and micro-photomultiplier tube (PMT), along with the appropriate wavelength dichroic and clean up filters, have been selected based on the fluorescent dye used for CE-LIF method described above. We have also shown that the laser and PMT combination survives the TID of the Europa Lander Mission concept, as well as maintains the necessary signal-to-noise-ratio (SNR) for single-digit nM detection of amino acids when powered on under ionizing radiation dose rates that would be experienced on Europa’s surface (Oborny et al., 2021).
For CE-MS, the ITMS system is described in detail below. The separation capillaries have 100/30 µm O.D./I.D. with an etched porous electrospray tip at the end of the separation capillary (SCIEX, Brea, CA, United States). A second conductive buffer capillary is used to complete the electrical circuit for CE, making the electrical connection through the porous glass just upstream of the electrospray tip. An interface volume allows control of the gas composition, temperature, pressure, and humidity in the electrospray region in front of the entrance to the ITMS.
The C4D detector is based on the design originally published by da Silva and do Lago (Fracassi da Silva and do Lago 1998). The design has since been adapted to allow simultaneous or serial use of up to three capillaries if multiplexing. The circuit has also been redesigned keeping in mind the much more limited selection of parts available for spaceflight missions with 300 krad TID survival requirements. With careful parts selection we have demonstrated that a high-performance C4D detector can be designed to be compatible with challenging Europa Lander environmental conditions (Hand et al., 2017).
The overall layout of EMILI uses a multi-capillary approach so that one can be dedicated to CE-LIF and the chiral amino acid method, and one can be used for both C4D and CE-MS measurements by taking advantage of their identical background electrolyte for the cation/positive ion electrospray methods. A high-fidelity CAD of the OCEANS system including the rotor stator valves, integrated CE HV power supply (HVPS) and electrode reservoirs, LIF laser, detector, and electronics, and C4D detector along with how they package for coupling to the SPU is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Packaging design of OCEANS with the SPU for integration into the EMILI instrument.
OCEANS operation begins at the LEM, which allows high-temperature extraction (200°C) to release adsorbed organics and lyse any cells. These extraction methods have been described in detail previously (Amashukeli et al., 2007; Noell et al., 2018; Kehl et al., 2019), and more details on the design and performance of the LEM are provided below. Extracted sample is then drawn into the SPU using an internal piston pump. The SPU is capable of all the reagent storage and fluidic processing needed to enable OCEANS analysis, including determining overall sample matrix composition (conductivity, pH, ORP etc.) to evaluate if the sample can be concentrated (or needs to be diluted) ahead of organic analysis. And while it uses a different fluidic platform, the SPU takes advantage of the methods for automated fluorescent labeling and CE analysis of amino acids demonstrated previously (Mora et al., 2020). First, both the sample and a blank are simultaneously reacted with the fluorescent dye. Then three consecutive injections and subsequent CE-LIF analysis are performed on each sample, followed by one injection of the blank to verify that low-level contaminants have not accumulated in the fluidic microchannels during transit. After CE-LIF analysis, another aliquot of sample is mixed with CE-MS buffer and the capillary system is prepared for CE-MS analysis, similarly operated with triplicate injections of sample and one of blank. C4D analysis occurs at the same time as CE-MS, and can help identify the nature of specific cations in the sample and hence any salt clusters that may appear in the MS data. At the conclusion of CE analyses, the SPU will rinse the pathways with water and then dry gas to remove liquid from the system to prepared it for safe below-freezing storage until the next sample is ready for analysis.
SPU–Sample Processing Unit
The SPU, which provides all fluidic manipulations required to retrieve thermally-treated and extracted samples from the LEM and to prepare and provide samples for analysis by OCEANS, leverages the integrated (micro)fluidics technologies of the Sample Processor for Life on Icy worlds (SPLIce). This technology includes development and/or qualification, including relevant-environment testing (radiation: 300 krad; shock and vibration: General Environmental Verification Standard levels; temperature: various ranges for survival and operation) of microfluidic components comprising active valves, check valves, pumps, concentrators, bubble traps, mixers, high-surface-area dry-reagent storage-and-reconstitution polymer monoliths, aqueous-phase pressure sensors, and fluidic connectors, along with monolithic multilayer fusion-bonded fluidic manifolds that provide microchannel connections and robust integration of components in a compact form factor (Chinn et al., 2017; Chin et al., 2018; Willis et al., 2018; Radosevich et al., 2019). SPLIce technologies, in turn, are built based on Ames Research Center’s cubesat/small-payload microfluidics heritage, including five successful Earth-orbiting astro- and space-biology missions (Ricco et al., 2007; Nicholson et al., 2011; Ricco et al., 2011; Ehrenfreund et al., 2014; McCutcheon et al., 2016; Padgen et al., 2020), the pending BioSentinel mission—destined for year-long operation in interplanetary space (Ricco et al., 2020; Padgen et al., 2021)—and three small-payload technology-development projects (Fleming et al., 2014; Tan et al., 2011; Park et al., 2017). Together, this work comprises 15 years of development, qualification, and successful flight operation of microfluidic systems for the support of biological experimentation and analysis in space.
A block diagram representation of the SPU is shown in Figure 7. Due to the long-duration cruise of an outer-planets mission, the SPU stores liquids in metal-enclosed flight-proven fluoropolymer bags connected to high-heritage, ultra-low-leak-rate solenoid-operated valves, now being qualified for use with the particular liquids required by OCEANS: water (including freeze/thaw cycles), acetic acid, and an acetonitrile/water mixture. Buffers and conditioning reagents are stored as freeze-dried powders in fluoropolymer bags; SPLIce experiments show that this approach yields complete redissolution on shortened timescales. Labeling dyes for LIF are stored in lyophilized form on several independently accessible porous poly (ethylene) monoliths built into the manifold; the SPU is housed inside a hermetic container (not shown), filled during integration for flight with ultra-high purity N2, preventing degradation of the dyes by oxygen or water over the long storage period. This approach provides a high surface-area:volume environment with short diffusion lengths that enable rapid labeling; the acceleration factor is currently being characterized.
[image: Figure 7]FIGURE 7 | Sample-Processing Unit utilizes a multilayer, precision-machined, thermally-fused polycarbonate manifold with 1-mm diameter internal channels and vias to integrate and interconnect the fluidic components, including: LEM, from which the SPU retrieves thermally-extracted sample; metering pump; hermetic liquid and dry reagent storage; fluorescent reagent sample-labeling compartments for CE-LIF; interfaces to HV and ground electrodes to drive CE separations; N2 pump for pneumatic pressure-driven injections and to provide gas-phase gaps to isolate the manifold when HV is energized. BGE, background electrolyte; CR1 and CR2 are conditioning reagents for the CE capillaries; pressure and ionic conductivity sensors denoted p, σ, respectively.
The SPU provides a pressure-driven injection capability (Figure 7, N2 pump and bubble trap at upper center of manifold) for accurate, pulse-free low-volume injections for CE separation: control of valve open time with this approach provides sub-nl resolution of injection plugs. The system uses a gas pump that operated throughout a 6-month spaceflight mission that implemented a very similar pressure-based fluid-delivery system (Ehrenfreund et al., 2014). The serpentine sample-storage channel (dark blue) in the manifold and connected bubble trap couples the pressurized N2 to the (labeled) sample for delivery to the CE system.
LEM–Liquid Extraction Module
Solid samples for OCEANS will be delivered by CADMES in a metallic OCEANS cup that interfaces with the LEM to permit extraction followed by preparation for CE by the SPU (Figure 8). A hermetic seal is made by compression of a compliant gasket at the cup lip to the LEM port by means of an elevator mechanism. After the cup is sealed to the LEM, the enclosed sample is brought to the SPU operating temperature and pressure (25°C and 1 bar) and ∼3 ml of ultra-high purity, sterile water, providing a 3:1 water:sample ratio, is transferred from the SPU to accommodate mineral/salt-rich samples and hasten extraction. The LEM is heated to the sub-critical water extraction temperature and pressure (∼200°C/15.5 bar) to release adsorbed organics and lyse any cells. After extraction, the LEM is cooled to 25°C and the pressure matched to the 1 bar operating pressure of the SPU, which then draws in the sample with its metering pump. The SPU measures the total ionic conductivity of the sample to identify if further dilution is required, then prepares the sample for analysis as described above.
[image: Figure 8]FIGURE 8 | Concept for OCEANS sample cups and Liquid Extraction Module assembly showing cup cross section (A) with features designed for manipulation by the CADMES sample-handling system, with notional cup gripping transport arm (B). Notional internal mesh sleeve shown is under consideration for testing optimal mixing and extraction processing in the presence of potential mineral particulates. The elevator assembly in (B,C) accepts and seals the cup vertically. Sealing gasket is depicted as an elastomer o-ring for trade study of possible re-use of demountable liquid cups.
GAPS–GAS ANALYSIS AND PROCESSING SYSTEM
The EMILI Gas Analysis Processing System (GAPS) is a gas-based chemical analysis subsystem that enables low-limit-of-detection measurements of lower-polarity volatile and semivolatile organics via GC-MS and selected mineral phases via EGA-MS. As indicated (Figure 3), GAPS comprises the Pyrolysis Oven and He Tank, a Water Trap, and the complete GC system including Injection Trap and GC Columns with (nominally) splitless injection to the source of the ITMS. GAPS additionally includes a dedicated leak manifold between the oven subsystem and the ITMS for direct EGA. GAPS realizes within EMILI the integrated product of many years of scientific and technical development of GC/GC-MS capabilities for planetary missions through a partnership between NASA Goddard Space Flight Center and French laboratories LISA and LATMOS, with recent and upcoming flight experiments (e.g., Mahaffy et al., 2012; Goesmann et al., 2017; Barnes et al., 2021).
GAPS Methods
GAPS coupled to MS offers a state-of-the-art method for identifying PMBs complementary to those analyzed by CE, including biomolecular patterns and structural selectivity. Through chemical derivatization, less-volatile species such as fatty acids and amino acids are also amenable to GC-MS, providing an independent analysis for science confidence and robustness.
The oven cups utilised by GAPS are designed to heat samples delivered from CADMES up to 600°C. This temperature is lower than maxima of 1100°C for the Sample Analysis at Mars (SAM) investigation (Mahaffy et al., 2012) or nominally 800°C for Mars Organic Molecule Analyzer (MOMA) (Goesmann et al., 2017), which are designed to enable pyrolysis of martian rock samples. EMILI does not require high-temperature mineral breakdown to achieve its GAPS-related analytical objectives, and with the lower temperature operation, EMILI/GC-MS consumes significantly less power than the Mars protocols. Two GC stationary phases provide broad detection sensitivity for enantiomeric separation of both derivatized and non-derivatized molecules (GC-1, Chirasil Dex) and for light-to-heavier volatile and semi-volatile organics and inorganics, of low to medium polarities (GC-2, MXT-5-type). The latter column in particular is versatile enough to separate medium to high molecular weight (m.w.) organics including aromatic hydrocarbons, thermochemolyzed fatty acids, as well as providing general organic characterization that enables resolution of common isobaric interferences. Moreover, the use of two columns maximizes breadth of selectivity and provides redundancy.
The gas chromatograph separates gaseous compounds transferred from the Pyrolysis Oven prior to their analysis with the mass spectrometer. Eluted analytes (ideally single species) enter the MS over time and their individual spectra are recorded sequentially. The retention time of different compound classes separated with a given GC column (over a nominal duration of 10s of minutes) is characteristic of the species and can be calibrated precisely with peak widths on the order of fractions of a second to a few seconds. This combination of a pre-separation with mass spectrometry detection provides two-dimensional data allowing confident chemical identification over a wide effective dynamic range. The GAPS GC design seeks to maximize this performance with careful materials selection, column conditioning, minimizing excess reagent and water, and thermal control, which when combined with the advanced EMILI ITMS (below), allows the system to achieve LOD and dynamic range at least an order of magnitude improved over MOMA.
Wet Chemistry: The EMILI baseline employs two liquid reagent-based methylation reactions for derivatization of the compounds of interest. Examples of EMILI derivatization GC-MS protocol chromatograms are shown in Figure 9. The first approach uses N,N-dimethylformamide dimethylacetal (DMF-DMA), which reacts at the site of labile protons, such as on amino or carboxylic acids. This one-step reaction (proceeding rapidly at 140°C) leads to products easily detected by GC-MS. Futhermore, this derivatization reaction preserves any asymmetric center(s) of the molecules, facilitating chiral separations on GC-1. Enantiomeric excess (ee), or the degree of imbalance between left- and right-handed chiral forms, can be measured over a wide range with uncertainties (relative standard deviations) as low as a few % for most compounds, sufficient to distinguish potentially biogenic patterns even among degraded (partially-racemized) compounds or in mixtures. Figure 9 (lower panel) shows separation (in retention time on GC-1 following DMF-DMA treatment) of three example amino acids–proline, aspartic acid, and cysteine–as detected with the MS (total ion count shown). When combined with the high-precision quantification of total abundance and ee of amino acids to nM LODs by OCEANS (LIF), the GAPS/GC-1 analysis can provide an independent, cross-checked measurement that will be an important aspect leanding confidence to conclusions about biogenicity. DMF-DMA derivatization is included on the MOMA instrument that will operate on Mars in 2023 (Goesmann et al., 2017).
[image: Figure 9]FIGURE 9 | EMILI’s GC-MS protocol enabled by GAPS and ITMS provides broad TMAH thermochemolysis detection of fatty acids (top) and DMF-DMA derivatization analysis of amino acid enantiomers (bottom) in an ocean hydrothermal vent water sample. For comparison the blue trace is from GC-MS without TMAH thermochemolysis. These protocols can be automatically run sequentially on a split individual sample or following a science-dependent decision tree based on real-time data.
The second method is a one-step thermochemolysis (proceeding over 300–600°C) employing tetramethyl-ammonium hydroxide (TMAH) methylation, effective for analysis of long-chain carboxylic acids, derived from the lipid building blocks of cell membranes, as well as other, more refractory moieties (such as kerogen-like compounds) that could help identify organics originating from abiotic synthesis mechanisms (and found in meteorites and interplanetary/cometary dust). As a thermally-assisted hydrolysis/methylation technique, TMAH thermochemolysis provides a less-destructive (lower-temperature) cleavage of ester and ether bonds in these compounds, compared with direct high-temperature pyrolysis, yielding sensitive detection of higher molecular weights (up to hundreds of g/mol (u)). Figure 9 (upper panel) shows TMAH thermochemolysis derivatization-enabled analysis of fatty acids in a dilute terrestrial ocean water analog sample, exhibiting clear even-over-odd chain-length abundance bias that can be a hallmark of cellular wall molecular structure. TMAH thermochemolysis is incorporated on both SAM and MOMA.
Evolved Gas Analysis (EGA): Gases evolved from samples, from immediate vacuum sublimation and as the sample is heated to 600°C, are analyzed via both GC columns, as well as directly in the MS via EGA, which detects low-m.w. gases–both hypervolatiles such as CO2, CH4, and CO trapped in ice, and possible mineral-breakdown products such as O2 and SO2. EGA is also being used during development to continue investigation of ITMS carbon isotope performance. EGA mode has proven extremely valuable on SAM for minerals, molecular abundances, and isotopes (Glavin et al., 2013; Leshin et al., 2013; Ming et al., 2014; McAdam et al., 2020). The low conductance leak (split ratio) of EGA gas into the ITMS would also allow an independent check of the quantity of water ice remaining in the oven cup, which may be used autonomously to determine the degree of water exposure and trapping for optimization of the GC-MS protocol.
GAPS Hardware
Samples for GAPS are delivered in dedicated metallic oven cups to the Pyrolysis Oven. Figure 10 depicts a simplified model of a GAPS cup compatible with delivery by the CADMES system to an EMILI station that supports motorized elevator insertion into the oven, engaging a knife edge to seal hermetically to a Cu gasket at the rim of the cup. The oven consists of an insulated sleeve with embedded wrapped heater wire and fixtures for admitting regulated He gas and transporting entrained evolved gas into the GAPS manifold (not shown for simplicity). Maintaining the single oven assembly as part of GAPS, rather than designing each cup as an integrated oven sleeve (as done in MOMA), dramatically simplifies the cup design, contamination control management, and interface with the Lander. The trade-off of this choice is a modest lag in the sample temperature when heated via the external sleeve, which for EMILI is not a serious performance driver. In the baseline design, similar to MOMA, GAPS cups contain small internal metallic capsules welded to the bottom of the cup. The capsules are pre-filled with either of the derivatization agents, the baseline for prototype development. Concepts for dual derivatization and post-sample capsule selection, also under development, could lead to more flexible, science-dependent protocols.
[image: Figure 10]FIGURE 10 | Concept for GAPS sample cups and oven assembly showing cup cross section (A) with features designed for manipulation by the CADMES sample handling system, with (B) notional cup gripping transport arm. The elevator assembly in (B,C) accepts and seals the cup vertically.
To achieve the best separation of the analytes, the gas chromatograph is composed of separate trap/injection and column/separation stages, along with a manifold allowing dynamic routing of gaseous flow into the instrument depending on the analytical step. Figure 11 shows a 3D drawing of a prototype GC that serves as a pathfinder for the more flight-like GC engineering test unit (ETU) under staggered development for the integrated EMILI ETU. The prototype is designed to operate on the bench; as such, selected components such as multi-port valves and manifolds require a sealed housing to enable efficient heating for analyte transport in He carrier gas (not required in the flight instrument that operates in a low pressure environment), and utilize non-flight motor drives and mounting layouts, following lessons learned from MOMA development. He gas tanks are not shown. A pressure control microvalve is used to actively adjust the flow of helium (typically from 1 to a few ml min−1) through the pathway using pressures measured at key points in the GAPS manifold. The GAPS ETU architecture will also be similar to the engineering model GC of the DraMS instrument on the Dragonfly mission, permitting efficient exchange of testing experience between the two projects.
[image: Figure 11]FIGURE 11 | Model of the prototype GC with flight-like functionality but designed for ease of testing in a laboratory environment with various GAPS and ITMS interfaces under development. Most inter-component plumbing lines and all electrical harnesses not shown for simplicity. Housing permits bulk gases to be processed at high temperatures without excessive heater power losses to atmosphere. The single-column module is interchangeable, permitting testing of different column types and conditions.
Desorbed and derivatized gas-phase analytes are transferred to the injection system composed of two thermal-desorption traps. These traps are fabricated using a tube filled with an adsorbent powder such as Tenax© TA and/or Tenax© GR, which, when initially cooled to ∼0°C, trap a wide range of organic molecules, with Tenax© GR biased to lighter molecules compared to Tenax© TA. Nominal trap dimensions of 5 cm in length and 1 mm internal diameter, following SAM (Mahaffy et al., 2012), contain few tens of mg of adsorbent. Analytes are trapped at low temperature with unidirectional flow-through. Once sampling is done, the carrier gas flow is reversed to desorb the molecules and the trap is flash heated to ∼300°C in a few seconds. This heated back-flush protocol yields rapid release of compounds and subsequent sharp injection pulse, resulting in optimal GC peak separation.
Once the injection trap desorption is complete, the analytes are carried through a chromatographic column for separation, with performance dependent on the dimensions of the columns, the stationary phase bonded to the inner wall of the column, the types of analytes, and the operating conditions (primarily temperature and flow rate). The general-purpose column (GC-2, MXT-5; Restek) and chiral column (GC-1, CP-Chirasil Dex; Agilent) are coiled stainless steel capillaries, for robustness and ease of integration, in the 20–30 m length range (to be finalized) and 0.25 mm internal diameter. Each column is assembled in a cylindrical mechanical module incorporating a heater and a temperature sensor to control column temperature actively throughout an experiment. Column temperatures typically follow a programmed ramp from GAPS baseline (∼30–40°C, pre-heated from the instrument chassis in the -20°C–0°C range) up to ∼300°C at approximately 10°C min−1. Analytes elute from the end of the column to the mass spectrometer inlet manifold, which includes a fixed conductance split into the electron ionization source. The transfer line and manifold volume are minimized and maintained at high temperature to prevent pulse broadening or loss of analytes prior to analysis.
In the flight design, all GC components are interconnected in a dense arrangement of uniformly heated metallic lines and bistable microvalves used to select the flow pathway. Such technology is already used in MOMA and is currently being adapted to DraMS. GC manifolds are integrated on a metallic plate and heated to prevent analyte condensation and loss. The operating temperature for analyte flow lines is targeted at 180°C. Through valve programming, it is possible to operate the GC in single-flow mode (one injection trap into one column for MS analysis) or in a variety of multiplex modes (such as directing different oven temperature cuts into separate injection traps or performing sequential injections from one trap into two columns). Testing with Europa analogs over a range of concentrations will allow optimization of protocols for the mission baseline.
ITMS–ION TRAP MASS SPECTROMETER
The EMILI ITMS detects positive and negative ions (via both electron ionization (EI) and ESI) with masses in the m/z 20 to 800 range and with a mass resolution better than 0.5 Da (i.e., maximum peak full width at half maximum, FWHM, of less than 0.5 Da over the m/z range). Having a single mass analyzer and associated electronics interfaced with separate front-end separation and ionization techniques is critical for EMILI, as this leads to the most compact and low-resource approach to analyze the widest breadth of samples (from GAPS and OCEANS), while permitting quantitative inter-comparison of GC-MS and CESI-MS spectra. The dual ionization techniques and mass analyzer capabilities enable the detection, identification, and analysis of small elemental species as well as complex, high-molecular-weight compounds at sub-ppbw concentrations. The EMILI mass range extends lower than MOMA (with a MOMA GC-MS low-mass cutoff of m/z 50) by using slightly higher frequency; however, the fundamental radio-frequency (RF) power supply design is the same as MOMA. The addition of negative polarity (anion) detection in EMILI further expands the range of detectable compounds, such as carboxylic acids and alcohols that may be more electronegative and/or stable to electron attachment. Importantly, the ITMS imports all the capabilities for tandem mass spectrometry, or MS/MS, developed for the MOMA investigation. During MS/MS, an ion of choice is isolated and subsequently fragmented, permitting a clear association of fragment ion masses with structural features of the original molecule. This technique is expected to play an important role in the full analysis of unknowns across both modes of EMILI for potential biogenic structural patterns. A full exposition of the application of MS/MS in EMILI analysis of Europa analog samples, currently in development, will be provided in a future report.
ITMS Hardware
The EMILI linear ion trap itself (breadboard assembly shown in Figure 12) is largely a copy of the MOMA ion trap. Its design and operation have been described in detail (Goesmann et al., 2017). The analyzer comprises four short hyperbolic rods in a quadrupolar arrangement, bounded by endcap electrodes, that permit external ions from different sources to be admitted from either end. The sensor includes two detectors positioned on either side of one opposing pair of rods incorporating narrow slits for ion ejection. Each detector comprises a high voltage dynode, a buffer electrode, and a channel electron multiplier, providing high sensitivity over the mass and charge range, dual polarity ion detection capability, as well as redundancy. The EI source is slightly modified from MOMA (which draws heavily from quadrupole-based instruments on Cassini, MAVEN, and MSL missions), allowing access to very short ionization times, which increases dynamic range, important for EMILI. In combination with additional EMILI-specific modifications such as full-sensor high-temperature bakeouts and high-precision gas control, the projected ITMS limit of detection is below 1 pmol g−1 equivalent of sample effluent introduced to the GC, or more than one order of magnitude lower than on MOMA (GC-MS mode), to meet derived Europa requirements.
[image: Figure 12]FIGURE 12 | EMILI linear ion trap sensor breadboard, side view showing dual-polarity ion detector in front of trap electrode assembly, accessed above by a dual-filament EI source (for GCMS) and below by the CESI source, via multi-stage ion optics (shown in Figure 13).
Novel miniature ESI ion optics are required to interface the OCEANS electrospray output with the opposing end plate of the ITMS while transferring ions across several orders of magnitude in pressure into the analyzer all within a constrained length (Figure 13). These optics are somewhat more involved than the EI transfer optics: two intermediate pressure regions with distinct RF-based ion guides are utilized to maintain efficient ion transfer from the ∼1 bar spray chamber from OCEANS to the ∼0.004 mbar (3 mTorr) operating pressure of the linear trap. The ion optical configuration draws from terrestrial/commercial instrument developments combined with prior space instrument miniaturization efforts that inform mechanical scaling approaches while managing environmental and mission constraints.
[image: Figure 13]FIGURE 13 | Cross-sectional diagram of the EMILI nano-ESI ion trap mass spectrometer. Instrument consists of (A) capillary electrophoresis sprayer to electrospray ionization (CE-ESI), (B) the ion transfer tube (ITT), (C) the ion funnel (IF), (D) the square quad (SQ), and (E) the ion trap mass spectrometer (MS).
The OCEANS nano-ESI sprayer (modeled as a generic sprayer in Figure 13) brings the CE module output into precise alignment with the interface optics. When electrospray voltage is applies at the end of the separation capillary, charged nebulized sample droplets exit the sprayer at few-nanoliter min−1 rates and are drawn toward the grounded mass spectrometer inlet through a heated ion-transfer tube (ITT). Ions, drawn from microscopic electrospray droplets under nominally ∼1 bar of N2, enter the ITT and eventually undergo a supersonic gas expansion when the pressure decreases nearly 2000-fold. Ions are then captured in an RF ion funnel (IF), which captures divergent ions and brings them close to the central axis of the instrument. Following the IF, ions are then more gently transferred into an RF quadrupole ion guide with square cross-section electrodes, referred to as the Square Quad (SQ). Ions are substantially cooled in this region and are thus amenable to efficient transfer into the ITMS analyzer at modest energy through a set of low-voltage ion lenses at the exit of the SQ. This stage can be flexibly designed and may prove particularly critical later in development if it is determined that the ion flight path needs to be steered through an angle to comply with instrument geometry requirements.
The main differences in the nano-ESI ion optical stages, compared with commercial designs, are reduced dimensions to meet volume and mass constraints of the EMILI instrument on the Lander. As such, lens assemblies are mechanically scaled moderately, limited somewhat by nonlinear size effects (e.g., the ion beam dispersion does not scale proportionally with the electrodes) and the need to maintain throughput performance. The ITT inner diameter is roughly 60% smaller than most commercial instruments. The resulting reduced gas load is important for limiting gas consumption, however potential sensitivity losses must then be managed carefully in the overall experiment. Additionally, the EMILI CE-MS design has only three separately-pumped pressure regions, also to save mass and volume, compared to commercial designs that generally include an additional vacuum region between the IF and the SQ. As such, the overall configuration of the EMILI instrument must be considered carefully as part of the ion optical design in order to maximize conductance of passive vent ports to the high-vacuum environment of the Europa Lander (or other airless body environment). In the lab, the payload environment is approximated with dedicated pumps for each pressure stage to match the pumping speed expected in the port arrangement of the mechanical package (shown partially in Figure 4).
ITMS Spectra
Preliminary test spectra for each ion source of the ITMS are presented here to illustrate data from miniature (flight-scale) prototype instrumentation in a laboratory setting using analysis protocols and constraints that are expected on a mission. The GC-MS and EGA-MS modes produce spectra via 70 eV electron ionization of ingested gas. Basic ITMS checkouts in this mode are typically performed using the volatile compound perfluoro-tributylamine (PFTBA), also known as FC-43, diluted in He gas (in the ppmv to sub-ppmv range). PFTBA has also been used as a flight (in situ) mass calibration gas for Mars mass spectrometers; for example, it is carried on MOMA. It is a candidate compound for an in situ calibrant on EMILI as well. Figure 14 shows an example early PFTBA spectrum from the EMILI ITMS, used to verify the basic instrument build meets functionality and performance requirements. Peak positions of “raw” data (m/z derived from initial calculation based on ejection voltage ramp) are generally accurate within the 10−2–10−1 u range, meeting specification; calibration in situ (such as with PFTBA itself) can be used to assure and maintain mass accuracy of all compounds under flight conditions (and to track any drift) through small corrections. Mass resolution of ∼0.2–0.4 u (FWHM) in this spectrum meets requirements. While not considered “high mass resolution” mass spectrometry, the accuracy across the mass range (e.g., including parent molecular ions and their fragment ions) is sufficient to confidently assign compounds from separated peaks (from GC or CE), as well as to associate peaks of organics arising from 13C which occurs at the ∼1% relative abundance level for C1 compounds, etc.
[image: Figure 14]FIGURE 14 | EMILI ITMS scan of mass calibration compound perfluoro-tributylamine (PFTBA) at ppm by volume level in He bath gas using the filament emission-based 70 eV EI mode that is applied in GAPS GC-MS and EGA-MS analysis. Insets show example peak shapes with widths indicated.
The nano-ESI mode of the ITMS has been checked using potential calibrants as well as example amino acid and peptide analog analytes through direct infusion from a spray source modeling the full OCEANS CE output. Full OCEANS-ITMS coupling results will be the focus of a subsequent publication. Figure 15 provides illustrative demonstration of both positive and negative ion mode EMILI nano-ESI-MS spectra of histidine (at a nominal 1 μM concentration; LoDs well below this level are being established through tuning). When the MS is appropriately tuned, single-species spectra are typically clean with minimal background and high SNR, suggesting detection can improve dynamically (potentially autonomously) via co-adding over an integration time (CE peak width), with further potential to supplement multi-amino acid detection capabilities of the OCEANS LIF mode. The histidine ion is detected as a protonated parent (M+H)+ and a protonated dimer (2M+H)+ for positive-ion mode, and corresponding deprotonated species in anion spectra, with the corresponding mass shifts that, through correlation of both polarities, can engender high confidence for assignment of such compounds in a potential mixture.
[image: Figure 15]FIGURE 15 | Example EMILI ESI-ITMS prototype spectra for amino acid histidine (m.w. 155.2 u) at 1 μM concentration. The parent compound is detectable in positive-ion mode (protonated) and in negative ion mode (deprotonated) by switching the bias voltage of the ESI sprayer tip relative to the ITMS ITT inlet (as well as other ion optics and detector potentials). Histidine dimers are also detected in each spectrum.
Among other analysis objectives, the potential detection of hetero-oligomers, generally, and oligopeptides as prime examples, could indicate prebiotic or biological synthesis when coupled with other supporting data. The EMILI ITMS has the m/z range, of at least 800, to detect some oligopeptides, readily separated by CE, directly. Larger species are also directly detectable by taking advantage of the tendency of ESI to produce multiply-charged ions. That is, the m/z value of compounds larger than 800 u with z > 1 may be less than 800 u/e. Such an example is shown in Figure 16 with the analysis of octapeptide angiotensin II (monoisotopic mass 1045.5 u), through detection of the 2+ and 3+ ions of the protonated parent. The analytical challenge identifying the structure of such higher m.w. species is addressed in part through fragment analysis. While ESI is considered a softer ionization method, compared with EI, spectra of readily-cleaved species such as these frequently exhibit multiple minor peaks corresponding to losses of one or more amino acid units, termed b-ions or y-ions depending on their position on the chain (amino vs. carboxyl terminus, respectively), or a-ions for those broken between C atoms. Preliminary analysis of such peaks can inform selection of peaks to be further isolated, in a series of spectra, and subjected to MS/MS analysis, potentially allowing de novo sequencing of unknown oligomeric species found on Europa.
[image: Figure 16]FIGURE 16 | Example EMILI ESI-ITMS prototype spectra for 100 nM oligopeptide angiotensin II (m.w. 1045 u) with 2+ and 3+ protonated parent ions as well as several 2+ and 1+ fragment ions corresponding to neutral loss of amino acid monomer units.
EMILI OPERATIONAL CONCEPT
The overall EMILI instrument design offers a wide range of operational capabilities to meet the organic composition analysis objectives of the Europa Lander quite robustly, even with the uncertainty of what may ultimately be found in the surface to be investigated. Samples may vary in their overall composition, from nearly-pure water ice to a host of potential non-ice phases (e.g. MgSO4 salts), and organics therein may exhibit a range of distributions, characteristics, and levels of radiolytic degradation. These challenges are faced confidently by the breadth, sensitivity, and flexibility of the EMILI toolset. Nonetheless, the intrinsic uncertainty involved in the robotic application of such a broad suite of chemical analyses in an utterly unfamiliar environment necessitates rigorous testing of hardware, software, and data analysis methods under all modes and interfaces and at increasing fidelity to actual mission conditions.
The baseline mission approach for EMILI includes a full analytical survey, through both OCEANS and GAPS, for each collected sample, followed by subsequent activities, such as focused follow-up analyses, depending on results and mission status. A conceptual diagram of EMILI sample analytical flow is depicted in Figure 17. Collected solid samples are delivered to EMILI via CADMES. Nominally this delivery would be carried out with minimal delay to avoid sample loss or alteration (e.g. through vacuum sublimation). However, it may be scientifically valuable to consider accepting this risk and reserving some of the collected sample for the scientific benefit of performing replicate or optimized follow-up analyses. For simplicity, such options are not represented in the links of Figure 17, but may be considered as part of the iterative analytical cycles shown.
[image: Figure 17]FIGURE 17 | EMILI analytical flow diagram shows the interconnections of EMILI subsystem modes with produced data and feedback to follow-up analysis. EMILI combines analyses from the several OCEANS and GAPS protocols (six Measurement Types indicated), either sequentially or as a combined set. In addition to contributing to data returned to Earth and the normal science operations cycle involving humans (hSOC), EMILI may also perform subsequent actions and analyses autonomously (aSOC), enabling real-time data and science optimization as well as more effective overall decision-making for the mission.
The six basic measurement types of EMILI are shown from left to right in Figure 17. To recap, OCEANS provides: CE-LIF for sensitive detection and quantification of amino acids and their chirality; CE-C4D, primarily for inorganic/salt chemistry; and CE coupled through the ESI interface to the ITMS (CE-MS) including tandem MS capability for structural analysis (CE-MS/MS). GAPS provides: direct-pyrolysis GC-MS for chromatographic analysis of volatiles as a survey baseline and to compare with other GAPS-based data; derivatization GC-MS with DMF-DMA and/or TMAH reagents for broad organic and chiral analysis; and evolved gas analysis MS (EGA-MS) for light volatiles. EGA-MS data are collected during all GAPS operations as it automatically samples a small fraction of gas, when so configured, during its transport from oven to GC. All GAPS analyses as well as the CE-MS measurements produce mass spectra as indicated by their gas/sample interfaces to the ITMS and subsequent data output. The CE-LIF and CE-C4D analyses produce their own data in parallel to the ITMS.
As with any robotic planetary science mission, instrument data sets are the ultimate Europa Lander science products upon which mission and payload requirements are based. Raw EMILI data, representing the first detailed bulk analysis of potentially ocean-borne organics on Europa, would, in the absence of engineering constraints, unquestionably be returned to Earth in their entirety for careful processing and decision-making steps as part of a standard science operations cycle with humans in the loop (hSOC). However, exclusive reliance on such an approach for the extremely constrained Europa Lander mission, with limited time, data bandwidth, and energy, is impractical; some onboard processing of raw data will be required. In addition to standard lossless compression of EMILI data by ∼10× (based on prior mission experience), further compressed and/or down-selected data, with some fidelity loss, will likely be needed to provide a snapshot of some or all spectra as a priority telemetry product.
Such optimization of the hSOC cycle, well known from Mars and other missions, is insufficient on its own for EMILI, given that “real-time” (onboard) decisions may be required to maximize Lander science return. These could include both the mentioned down-selection (prioritization) of collected data, as well as choosing when and where to take a subsequent sample, selection of instrument protocols, and in the case of EMILI, even rapid, data-dependent adjustment of sensor settings or ranges during the analysis of a given sample. In other words, EMILI results would strongly benefit from the inclusion of science autonomy (Theiling et al., 2021) at multiple levels of operation. These are represented as the autonomous SOC (aSOC) feedback arrows in Figure 17, which notionally indicate processed EMILI data informing decisions at the Lander sampling and CADMES level, as well as sequence and/or parameter selection for the ongoing operation of EMILI subsystems. A brief general example of the latter is consideration of automatic selection of peaks in mass spectra for isolation and MS/MS, which could have decision turnaround times of well under one second (within an elution peak) or up to 10s of minutes (between instrument modes).
Assessment and testing of science autonomy requirements and opportunities are fundamental to EMILI development and will be increasingly applied to flight software and protocol design as the project moves forward toward potential mission opportunities.
DISCUSSION AND PATH FORWARD
The EMILI investigation addresses the central molecular analysis objectives of the Europa Lander mission concept, from both perspectives of individual measurement specifications (performance requirements) and of science deliverables (derived from complementary experimental protocols within an iterative operations concept). The power of the combined analyses of OCEANS and GAPS with the ITMS is the thorough inventory and cross-correlated relative abundances they provide for molecular/organic species in a bulk sample extracted from the Europan surface–planetary materials that may contain evidence of an oceanic biosphere.
As reviewed in Hand et al. (2017), potential molecular biosignatures may appear as distinct abundance distributions and structural biases of key species such as amino acids, fatty acids, and even nucleotides or other building blocks of biomolecules analogous to those known from terrestrial biology. Hetero-oligomers or other complex (and information-rich) structures, that may more directly represent the molecular machinery of alien life, are also potential targets within relatively “fresh” materials (young or well-protected from degradation). As described, these are measured to the appropriate limits of detection by the CE- and GC-based separation and detection modes in EMILI, with overlap of molecular coverage in key areas (Figure 2).
The investigation and the mission must be prepared for, and must expect, the “unknown”: both PMBs that are entirely unfamiliar except for their general properties or statistics consistent with biology, as well as other interesting compounds or patterns that, out of context, could be misinterpreted as biogenic. In the former category we may encounter, for example, a series of organics well out of the abundance distribution expected abiotically, due to clear bias to particular isomers or a subset of molecular weights (Summons et al., 2008). These could possibly be combined with anomalously-high overall concentrations. Among such compounds, we may find some that could only be synthesized through a large number of steps, and are therefore intrinsically complex suggesting biochemical processing (Marshall et al., 2017; Marshall et al., 2021). In the latter “false positive” category we may detect numerous molecular species that are individually consistent with biology, but taken collectively are not best-explained as the expression of a Europan biosphere. We may even speculate, conservatively, that radiolysis of organics, derived from abiotic sources within or outside of Europa, could produce abundance patterns (e.g., molecular weight or bonding biases) that partially mimic biochemical structure. For both of these types of reasons, it is important to analyze Europan organic chemistry in its full context, with as broad an understanding of the full inventory of molecules and their host environment as possible; and further, approach data interpretation from an “agnostic” standpoint (Johnson et al., 2018), commensurate with our lack of knowledge of Europa.
In planning to obtain and interpret results from EMILI, it is critical to acknowledge that even if we have a robust set of PMBs to seek, and an appreciation of potential false positives to avoid, we may in the absence of any compelling signal be unable to distinguish true from false negatives with a single investigation, or even with a single mission. Within the scope of EMILI, a tractable scenario relevant to such ambiguity is that of a mixed sample. Ocean-borne pre-biotic or biogenic organics, in a pristine or modified state, may comprise a fraction of the total organic content of a sample, which could derive from a number of possible endogenous or exogenous abiotic processes and sources. Analytically biogenic organic signals could be unidentifiable in a bulk assay, on first examination. For example, a sample may contain a variety of organics with aliphatic chains of different lengths, such that any strong bias in carbon number associated with just a few compounds could appear only as a subtle modulation of the overall abundances, or could be entirely buried by noise. Treatment of such mixed-sample scenarios requires careful development of both hardware capability and experimental approach. The EMILI instrumentation through its dual-source, dual-separation protocols and sensitive detection modes is designed to have both the required effective dynamic range (e.g., separation via CE and GC with MS) and focusing power (e.g., separation via evolution temperature or MS/MS) to isolate specific organic compounds from different sources. Such capability must be engaged with the most effective experimental approach, particularly on a resource-constrained mission. This approach is only learned through systematic testing, with a suite of analog sample types and compositions, under increasingly flight-realistic conditions–the focus of EMILI development work going forward.
At present each analytical subsystem has been developed to the flight-like prototype stage and has been tested primarily with laboratory analog instrumentation for interfaces to other subsystems. Systematic testing at this level has begun with shared common standard and analog samples–both synthetic and natural mixtures. The overall system architecture and interfaces to potential Lander elements, such as CADMES, have also been designed and developed to some degree. In the near term, the integrated subsystems will be brought together for “end-to-end” testing, specifically OCEANS + ITMS and GAPS + ITMS, including support for Europa-like thermal and vacuum conditions of sample delivery to interface with the LEM and Pyrolysis Oven, respectively. This testing will enable the full combined analysis of common analog samples and development of key science protocols discussed above. This stage additionally represents a “gate” for integration of the EMILI system including more flight-like electronics and facilities for validating the approach to flight qualification: mission electrical, thermal, mechanical, vacuum, radiation, planetary protection, and contamination control requirements must be met with a single minimal mass and power design.
As resources permit, expanded capabilities that may be within the design and operational flexibility of EMILI will be explored. These would certainly include a quantitative investigation of isotope systematics among selected elements, particularly if these can be compared between distinct sources within the sampling reach of the lander. In addition to carbon (via δ13C), the fractionation of sulfur (via δ34S) would be of high interest. Sulfur will likely be found in Europan samples in multiple forms, such as hydrated sulfate salts (e.g., McCord et al., 1999), sulfuric acid, and possibly organosulfur compounds. In analogy with the early Earth (e.g., Kaplan 1975), it is conceivable that isotopically light S could reflect a potential Europan biosignature derived from sulfate-reducing organisms. Other examples may include direct detection of trapped gases in ice phases, that could be released for evolved gas analysis prior to any heating for GCMS, and the characterization of enantiomeric or diastereomeric excess in compounds beyond the amino acids.
When taken together the EMILI requirements are challenging. The performance necessary to analyze Europa analog samples; the assurance of full instrument functionality through development, launch, cruise, Jupiter arrival, and Europa surface science phases; and support of necessary science operations, including autonomy, within the energy and time available, all represent science-driven development objectives that require continuous attention as flight hardware options are realized. However, EMILI is fundamentally based on established analytical technique and flight-compatible engineering; no totally new technologies are required. While the timeframe for a Europa Lander mission is presently uncertain, EMILI is on track to be ready for consideration as a valuable central element of its payload.
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