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The study of whether life exists, is extinct, or not depends on various sophisticated experimental
studies, as many different signatures of life can be used. The experimental procedures that can be
performed to identify life can be further restricted by time, resources, and mobility constraints.
Therefore, any research analyzing the presence of extraterrestrial life must be precise and
unambiguous. This research focuses on the objective of the extraterrestrial life detection domain and
seeks to provide an efficient protocol that can produce life detection decisions based on empirical

data obtained through chemical analysis under time and resource-constrained conditions. While

the majority of existing frameworks in this field are designed to identify biomolecules, our goal is

to accomplish the same with minimal operational expense and mission complexity. We argue that

the thoughtful integration of multiple biomolecular detections with lesser complexity and a robust
framework can improve overall mission performance by satisfying the necessary time and resource
constraints. In this study, a rapid multiple biomolecules-based life detection protocol (MBLDP-R) from
soil samples is developed from scratch and embedded in an operational scientific rover subsystem
targeted for planetary analysis missions. The study uses artificial biomolecule samples and simulated
extraterrestrial environments to illustrate the suggested protocol’s end-to-end process. First, we list

a few significant biomolecules, including lipids, proteins, carbohydrates, nucleic acids, ammonia, and
pigments. Then, a weighted qualitative test scoring is applied to sort out the best test method for the
finally selected biomolecules which are used as operational analogue to showcase the protocol’s in-situ
analysis and decision-making capabilities. Based on the suitable biomolecules, a scientific exploration
subsystem is developed, and the implemented protocol is built to perform onboard sample analysis.
Evaluation results show that: (1) the proposed MBLDP-R protocol could effectively predict the classes
with an average f1-score of 98.65% (macro) and 90.00% (micro), (2) the area under the Receiver
Operating Characteristics (AUC-ROC) curve shows the sample categories to be correctly predicted 92%
of the time (97% for Extant, 88% for Extinct, and 92% in the case of NPL), and (3) the protocol is time-
efficient with an average completion time of 17.60 min, demonstrating the protocol’s rapid nature in
detecting biosignatures in soil samples. The research outcome yields useful additional data for related
future studies, particularly in the design of scientific frameworks for mission-specific requirements with
limited resources while also serving as a reference point for constraint evaluation methods for similar
systems.
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Knowing whether there is life beyond Earth has been a vital question for humanity for a long time. Several
scientific exploration missions have recently been set for Mars since it is most similar to the Earth in the Solar
Systeml’z. Soil, also known as pedosphere, serves as a habitat for various life forms and is a rich source of
organic matter>. Newer science missions®> to Mars are beginning to concentrate on soil and rock composition,
in addition to examining the geology and environmental aspects of the red planet. And to do this, scientists
choose to sample or analyse Martian soil and rocks. For instance, launched in July 2020, NASA’s Perseverance
rover collects soil (regolith) and rock core samples and caches them in a specific coordinate that will be sent
back to Earth for analysis in terrestrial labs. Simultaneously it searches for biosignatures in-situ using several
onboard scientific equipment (PIXL, MEDA, SHERLOC)*. Similarly, the Tianwen-1 mission, launched in July
2020, aimed to learn more about the features of the surface and subsurface layers of Martian soil as well as the
composition and types of rocks present there®.

Similarly, biomolecules are direct products of any cell or living organism and are essential components to test
for the presence of life’. Studies’"!° demonstrated the effectiveness of using a single class of biomolecule, such
as a protein, nucleic acid, or other biomolecules, as successful biosignature detection mechanisms. However,
dependency on a single biomolecule detection has several limitations, including uncertainty of the presence of
that particular biomolecule and generation of false positives while classifying the presence of life in a soil sample.
We assume that a life-detection framework, containing a global decision mechanism based on the local detection
results of multiple biomolecules might be useful to address this issue.

Interestingly, in the future human exploration mission (already planned by NASA in 2031)!112, there might
be instances where life detection will be necessary for a remote hazardous area where humans cannot explore
physically. This type of exploration is expected to be conducted by a mobile rover capable of onboard evaluation
and instant result generation since storing soil samples for a long time in an extraterrestrial environment can
be difficult. To add on, the rover might not even make it out of the mission due to extreme environmental
and geological challenges. In this type of use case, time will be a massive constraint along with the installation
of lighter and simpler equipment, sacrificing the perks of installing heavy equipment for conducting complex
experiments of detecting biomolecules like ATP, Nucleic acid, etc.

Thus, we contend that by meeting the requisite time and resource restrictions, a multi-biomolecule life
detection approach with lighter assay and complexity can address the hypothetical corner cases where resource
conservation and maneuverability are critical. Consequently, this research targets the extraplanetary life detection
domain and aims to provide a simple yet effective operational framework to make life detection decisions from
soil samples based on empirical data achieved through chemical analysis in less time and resources. To achieve
the research’s objective, the methodological phases enumerated (a) Development of an efficient and rapid on-site
life-detection protocol from soil samples integrating multiple biomolecules; (b) Development of a mechanical
rover subsystem for soil sample collection and classification for implementing the proposed biosignature
detection protocol; and (c) Implementation of a novel evaluation methodology to assess the performance of the
protocols that are used for biosignature detection from soil samples.

In this study, we develop a Multiple Biomolecules-based Rapid Life Detection Protocol (MBLDP-R) from
soil samples with the integration of protein, carbohydrate, and ammonium ions. Firstly, we compile a list of
potentially significant biomolecules, including protein, carbohydrate, nucleic acid, ammonia, pigment, and lipid.
Then, we determine the optimum test methods for the selected biomolecules using a weighted qualitative test-
scoring approach. The selection of biomolecules and their chosen detection methods considered in this study
are not constant in terms of all life detection strategies. Rather the study attempts to create a baseline procedure
that demonstrates the identification of biomolecules and their detection mechanism selection criteria for any
future development of similar mechanisms. Using information extracted from the designated biomolecules
in the earlier phase, the structure of the proposed protocol is developed. A three-layered decision tree is at
the heart of the protocol’s architecture. Based on the presence and absence of the selected biomolecules in the
collected sample, the tree generates life presence results as outcomes. Furthermore, a subsystem for scientific
investigation is constructed along with a fully functional Mars rover prototype'?, and onboard sample analysis is
implemented using the developed MBLDP-R to evaluate the results in real-life test cases. The artificial samples
used in the evaluation process are modified adhering to the rules of the University Rover Challenge (URC), one
of the premium global Robotics Challenges organized by the Mars Society at the Mars Desert Research Station
(MDRS), Southern Utah, USA. We also have demonstrated the evaluation results in the Science mission of the
URC. Evaluation results indicate that: (1) the proposed MBLDP-R protocol accurately predicts classes with an
average f1-score of 98.65% (macro) and 90.00% (micro); (2) the sample categories are correctly predicted 92%
of the time (97% Extant, 88% Extinct, and 92% in the case of NPL); and (3) the protocol is time-efficient with
an average completion time of 17.60 min, demonstrating the rapid nature of the protocol to detect biosignatures
in soil samples.

This paper is divided into five sections. The following section, section "Literature review", describes the prior
work in this field. The research methodology is described in section "Methodology", which includes the protocol
development and the rover subsystem for scientific exploration. Evaluation of the samples using real-life samples
is described in section "Evaluation". Finally, section "Discussion and conclusion" summarizes the contribution of
this work along with the limitations and future scopes.

Literature review
Several studies have been conducted to find the presence of life in soil samples. Some of these are directly
intended for the exploration of Mars, and others have focused on finding a generic solution for the detection of
life. A summary of the related works is included in Table 1.

Recko et al.!* developed a robotic platform-based soil sample collection technique with a unique sample
collection method and suitability test based on humidity and UV light observations before collecting the sample.
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Author Type of research | Biomolecules used | Main methodology
Recko et al. 1 (2017) Soil sarpple Not used 8011' sample collecting robotic platform with humidity and UV light observation-based suitability
collection platform testing
Neveu et al.'® (2018) Not used A theoretical framework to guide the design of microbial life detection investigations.
Kite et al.'® (2018) Theoretical Not used Framework in which life-detection missions are performed as hypothesis tests
framework - o N - , .
Sharukh et al.'” (2019) Not used A theoret{cal framewqu to highlight the significance of the companion mini-rover system for deep
narrow scientific studies.
Kiflen et al.’ (2020) Nucleic Acid UV-C spectrometer based on RNA/DNA extraction method to detect nucleic acid in the soil sample.
Goordial et al# (2017) Nucleic Acid C<‘>m‘bmat‘10n of numerous low-cost approaches to detect viable extant microorganisms and nucleic
. acid in soil samples.
Biomolecule
Mojarro et al.!* (2017) getectlon and Nudleic Acid AutomaFed in situ life detection instrument that uses nucleic acid extraction and nanopore
rototype sequencing on soil samples.
development. - ; - - -
10 . . Microchip Electrophoresis Laser-Induced Fluorescence (ME-LIF) device receives and evaluates a
Mora et al.' (2020) Amino acid liquid soi : . .
iquid soil sample in an automated module for life detection.
Abrahamsson et al.” (2021) Amino acid Automated chiral amino acid analysis method for life detection.

Table 1. Summary of the Related Works.

However, the study did not cover the possible techniques of soil sample analysis for detecting biosignatures.
Neveu et al.!® proposed a theoretical framework to guide the design of investigations to detect microbial life
within the practical constraints of robotic space missions. They discussed extracting features related to life
detection and the methodology for detecting them. However, this basic framework assumed the probability of
microbial life being either above or below a rejection threshold. This measurement can be improved in a realistic
scenario by quantifying a set of distinct numerical probability values. Kite et al.!® also described a framework
with a proposition that flying life-detection missions as hypothesis tests will maximize scientific value. In
contrast, a negative detection can also become scientifically important. Similar to this, a theoretical framework
was proposed by Sharukh et al.'’, highlighting the significance of the companion mini-rover system for deep,
narrow scientific research. The outcomes of these proposed investigations are based on a theoretical framework
or hypothesis that can be further investigated by creating robotic subsystems to evaluate any procedure using
empirical data sets.

On the contrary, Kiflen et al.’ developed a UV-C spectrometer based on Ribonucleic Acid (RNA)/
Deoxyribonucleic Acid (DNA) extraction method to detect nucleic acid in the soil sample. On a similar note,
Goordial et al.3 used multiple low-cost techniques to detect viable extant microorganisms and nucleic acid from
the soil sample in an environment. Similarly, Mojarro et al.'!® developed the Search for Extra-Terrestrial Genomes
(SETG) equipment to isolate and identify the sequence of nucleic acids from extant or preserved life on Mars.
This instrument blends nucleic acid extraction and nanopore sequencing. However, automation of these multi-
steps incorporating sophisticated critical steps for successful DNA extraction, such as desalting, competitive
binding, DNA-protein separation, etc., is resource exhaustive and costly. In another study, Mora et al.!? created a
Microchip Electrophoresis Laser-Induced Fluorescence (ME-LIF) instrument to receive and analyse a liquid soil
sample in an automated module. This was a foundational development of microchip electrophoresis instruments
for potential life-detection missions. However, this computerised module was developed to evaluate liquid soil
samples based on protein (amino acid) detection. Similarly, Abrahamsson et al.” prominently marked amino
acid as a significant bio-molecule for life detection and proposed a novel automated chiral amino acid analysis
method. These studies described various individual techniques of soil sample analysis.

Moreover, several missions and studies develop instruments and techniques to support future planetary
expeditions by exploring Mars-like drilling tools for subsurface samples'®, earth volcanic samples to model
martian geology?®, mission simulations in lava terrains to evaluate equipments®!, and creating Mars analog
environments to replicate surface condition??. Few potential future missions target biomolecule detection, such
as the assessment of Enceladus’s?® (a moon of Saturn) ocean environment, plume composition, and biosignatures,
as well as the exploration of metabolic products and signs of life while assessing the habitability and surface
properties of Europa® (a moon of Jupiter). Continuing the exploration for correct biomarker detection Aerts et
al.?> proposed several techniques DNA, amino acids, lipids focusing on extracting the required biomolecule from
samples and include High Performance Liquid Chromatography (HPLC), Gas Chromatography, Polymerase
Chain Reaction (PCR), and acid digestion. Similarly, Gémez-Elvira et al.2® proposed detection protocols
based on protein interactions and outlined a microarray-based instrument design that can operate in a space
environment. While these studies contribute to scientific advancement, their computational complexity, time
requirements, and financial demands constrain the rapid prototyping of in-field systems capable of delivering
reasonable results under limited time and resource conditions. In this work, We aim to demonstrate a protocol
for decision-making based on multiple assay outcomes, optimized for limited time and resources. We also
propose a weight-based qualitative method to establish trade-offs among constraints (see section "Phase 4:
qualitative test scoring for selection of test methods"), which can be extended to other situations by adjusting the
weights accordingly. While not directly comparable to studies using realistic samples, weight-based qualitative
analysis with synthetic samples serves as a valuable operational analogue to demonstrate our protocol for in-field
decision-making based on multiple assay results.
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Fig. 2. Architecture of the multiple biomolecule-based framework for soil sample detection.

Methodology

In this section, we explain the methodology of MBLDP-R and the phase-wise development procedure. Figure 1
illustrates the overview of the methodological framework. Firstly, a handful of important biomolecules such as
protein, carbohydrate, nucleic acid, ammonia, pigment, and lipid are listed. The listed biomolecules are filtered
to meet the URC 2021 guidelines. Then, we develop a multilevel decision tree-based protocol analysing the
correlation among the selected biomolecules (Figs. 2 and 3). A weighted qualitative analysis is carried out across
all the accepted techniques for identifying the chosen biomolecules in order to determine the test score for
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Fig. 3. Design of the rover subsystem.

each method and identify which test method is optimal for each biomolecule. Then, the best test methods are
implemented and integrated with the scientific exploration subsystem for the constructed rover PHOENIX
(Fig. 4a). Finally, an exhaustive evaluation is carried out using empirical soil samples to evaluate the performance
of the proposed protocol.

Development of MBLDP-R

The multiple biomolecules-based life detection protocol, MBLDP-R, is developed with the accumulation of works
conducted in 4 phases (1) Potential list of biomolecules, (2) Selection of biomolecules based on requirement
analysis, (3) Development of the protocol structure, and (4) Qualitative test scoring for the selection of the best
test methods.
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(b)

Fig. 4. (a) Complete rover system (PHOENIX) with the attached scientific subsystem. (b) Collection of soil
samples through the subsystem.

Phase 1: potential list of Biomolecules

Biomolecules are the chemical building blocks of living things, whereas biosignatures are observable signs of life
in the environment. Despite some overlap, these two ideas are separate and have different functions in biology.
A biosignature refers to any specific component, molecule, substance, or feature that can indicate past or present
life and is distinct from an abiogenic (non-biological) background?. On the other hand, Biomolecules refer to
essential organic compounds that play critical roles in various biological activities, including lipids, proteins,
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carbohydrates, and nucleic acids®®. Making the distinction between possible and irrefutable biosignatures, the
value of a biosignature is evaluated not only by the likelihood that life created it but also by the improbability
of nonbiological processes producing it?*. Biomolecules, when detected in specific contexts, serve as a subset
of biosignatures, providing chemical evidence of life. For instance, chemical biosignatures such as, Molecular
fossils provide evidence of past life as they are degradation products of biomolecules?”. Major biomolecules
have been considered a sign of extraterrestrial life, such as pigmented microorganisms>. However, since many
biomolecules can be produced abiotically or due to other natural occurrences, one can argue against them being
the concrete sign of life’s existence’!.

In this work, we consider six major biomolecule protein, carbohydrate, ammonia, nucleic acid, lipid, and
pigment as potential biomolecules for creating the multiple biomolecules-based biosignature detection protocol.
Though not a conventional biomolecule, ammonia is considered here due to its derivation from the metabolism
of amino acids and other biomolecules which contain nitrogen and is produced in soil from bacterial processes.

Protein. Extensive research circling archaeological remains dating from roughly 6000 years from today has
pointed towards the correspondence between bimolecular preservation and the relationship between proteins,
primarily collagen and mineral components, the durability of which depends chiefly on the elements of the soil*2.
If the thermal history of the burial environment is considered the deciding factor, relevant studies and models
suggest that from warmer environments, proteins may provide opportunities to recover genetic information, as
the diagenesis is controlled by slow, chemical decay of the organic phase®.

Ammonia. Mineralisation of nitrogen takes place in two steps, namely, ammonification and hydrolysis. In the
first step, organic nitrogen is converted to ammonia, which in turn converts to ammonium ions in the presence
of water in the second step. Ammonia, once formed, quickly escapes from the soil into the air. The positively
charged ammonium ion is attracted to the negatively charged soil particles and thus acts as an exchangeable
cation in soil*%. The process is given below:

First step Ammonification of organic nitrogen.
R — — NH; + H,O — NH3 + R — OH + energy
Second step Hydrolysis of ammonia.

NH; + HoO — NH,* + OH™

Carbohydrate. Carbohydrates play a key role in biological recognition processes®*. Carbohydrates can be
classified as monosaccharides, oligosaccharides and polysaccharides. Monosaccharides such as galactose and
mannose are the chief forms of carbohydrates produced by microorganisms, while arabinose and xylose are
formed by plant tissue and roots®”*. These carbohydrates are the byproducts of microbial metabolism and have
vital roles to play in the formation and stabilisation of soil structure®*.

Nucleic Acid. Nucleic acids are considered an important mark of living cells and are the basic molecules of
life**. They are naturally made polymers consisting of nucleotides that can store, encode, transmit and express
genetic information®*!. Deoxyribonucleic acid (DNA) from a mummified Egyptian kid was found in a paper
by Paabo*?, which provides the first evidence of the presence of DNA in archaeological remains (radiocarbon
dated to nearly 2,500 years). This further strengthens the selection of nucleic acid for the consideration of extinct
or extant life.

Pigments. Pigments are found in high amounts in plants*’. The largest two sources of pigments are plants
and microorganisms***. Bacterial pigments can be obtained from soils that are harvested commercially for a
range of purposes, including their use in medical, food, cosmetic, and textile fields*. These pigments, which
are responsible for the appearance of colours in higher plants, are classified into several groups: chlorophylls,
flavonoids (chalcones, anthocyanins, flavonols, flavones), carotenoids (xanthophylls, carotenes) and betalains
(betacyanin, betaxanthin)*’. Moreover, prokaryotic (cyanobacteria) and eukaryotic cells (cyanelles, red algae,
and cryptomonads) contain phycobilins, a class of water-soluble photosynthetic pigments, in the cytoplasm or
the stroma of the chloroplast*®.

Lipids. Lipid is one of the three most abundant biomolecules found in animal tissues, the other two being
protein and carbohydrate*. Lipids also make up between 2 and 20% of dry weights of bacteria®. Up to 20% of
soil humus exists in the form of lipids™.

Phase 2: selected biomolecules based on requirement analysis
Requirement analysis is conducted emphasising two factors: (a) rules of URC 2021 and (b) compatibility of the
test equipment for the biomolecule with the rover subsystem.

In URC 2021%5!, the Science mission was designed to find out the presence of life in given soil samples. The
goal was to categorise the samples into three significant classes (a) Extinct, (b) Extant and (c) No Presence of
Life where:

1. Extinct: Fossilized life that is no longer metabolizing®'.
2. Extant: Life that is metabolizing, or died recently enough for the biomolecules to still be intact’!.
3. No Presence of life: No existence of life, inanimate/abiotic objects’!.

URC 2021 set various constraints in the case of the detection of biomolecules. One of the foremost constraints
was the use of hazardous substances like concentrated nitric acid (HNO,), sulphuric acid (H,SO,) etc., to
conduct biomolecule detection tests. Moreover, the time limitation of 30 min for test completion played a major
role in the case of selecting the biomolecules. Besides, the rover needs to traverse from the start gate to the
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sample location, collect the data from the samples, and pass it back to the base station. Thus, an onboard payload
with the necessary testing capability (Fig. 5) is required to be developed, which will also be adept in sending
necessary data back to the base station. Additionally, the weight of the total rover system with the scientific
exploration subsystem must be less than 50 Kg, which restricts test designs based on heavy equipment. Finally,
the budget limit for the whole system was US dollars 18,000. An analysis of all six potential biomolecules based
on the requirements is made to find out suitable biomolecules for the protocol.
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Fig. 5. (a) Setup of test methods. (b) Onboard sample analysis in the developed subsystem.
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Traditional spectrophotometric methods considered for detecting the likelihood of protein presence include
the Biuret test, Ninhydrin test, Xanthoproteic test, Millons test and many more®. Although some of these
traditional methods are not feasible considering time constraints and test preparations, some methods such
as Biuret, Ninhydrin, and Xanthoproteic tests can be done under a time range of 1 to 10 min while applying a
water bath as a heating source under a temperature range of 60 to 100 degrees®>**. More modern methods of
protein detection include the use of various mass spectrometers such as IT-LIT, ToF-ToF, Q-Q-ToF, Q-Q-Q,
FT-ICR, and QQ-LIT>%. However, considering the factors of requirement analysis, such as the complexity of
the equipment required for the tests, compatibility with the rover system and budget constraint of URC 2021,
the traditional methods seems to be more suitable than the modern methods. On a similar note, methods
of detecting ammonia from soil samples may include Schloesing’s methods, Baumann’s method or Russel’s
methods®. Ammonia can also be detected by using a dilute sodium hydroxide solution and heating it. The
resultant ammonia gas can be detected by its distinct pungent smell or by using a damp red litmus paper, which
turns blue if the gas is present. This method is both simple and fast based on the type of heating source (less
than a minute for direct heat). At present, various types of ammonia gas detecting sensors are available such as
metal oxide-based sensors, conducting polymer sensors, tunable diode laser absorption spectroscopy (TDLAS),
electrochemical sensors, surface acoustic wave sensors, field-effect transistor (FET) sensors, etc>®. Easy detection
procedures and readily available sensors make ammonia a potential biomolecule in these circumstances. On the
other hand, for identifying the possibility of the presence of carbohydrates, several rapid tests based on specific
colour reactions are available such as Molisch’s test, Anthrone test, Iodine test for glycans (starch, glycogen),
Seliwanoff’s test for ketoses, Benedict’s test, Fehling’s test, and Picric acid test for reducing sugars Mucic acid test
for galactose, Bial’s test for pentoses and Barfoed’s test to distinguish between monosaccharides from reducing
disaccharides®’. The majority of these test methods are fairly less complex and also time-efficient. Additionally,
the equipment for conducting these tests is simple, lightweight and compatible with the rover system. Based on
the conditions of requirement analysis, all three biomolecules: carbohydrates, ammonia and protein have the
essential characteristics to be integrated as potential candidates for the protocol.

On the other hand, the nucleic acids or the microbial cells must be isolated from the soil particles and humic
substances, which otherwise obscures nearly any observation, before the analysis of nucleic acid (DNA, RNA)
from soil samples®®. This multi-step approach of detection methods further complicates the implication of the
nucleic acid detection system embedded in the rover. Moreover, automation of these multi-steps incorporating
sophisticated key steps for successful DNA extraction, such as desalting, competitive binding, DNA-protein
separation etc., is resource exhaustive and costly. In addition, extraction of DNA from different sources like a spore
is generally a time-consuming process employed in the detection of nucleic acids from Martian or Mars-like soils,
as well'® and biological reagents used in this process are a concern in the context of URC protection regulations.
Moreover, 30 min, the time set for the competition, is not enough for the rover to manoeuvre, collect the sample
and use the DNA extraction kits for sample analysis. In the case of pigment detection, paper chromatography>®0
is a prominent traditional method. Even though the technique can be applied to a variety of pigment detection
tasks, its complexity as an onboard testing mechanism for the rover subsystem is increased because of its
multi-step procedure. Moreover, modern techniques use High-Performance Liquid Chromatography (HPLC),
a complex multi-step process that involves pigment extraction and HPLC analysis. The HPLC method can
separate photosynthetic pigments like chlorophylls and carotenoids, etc®-%3. The equipment needed for HPLC is
sophisticated, non-modifiable and expensive. The equipment of HPLC is sophisticated, non-modifiable and very
costly. A portable HPLC machine weighs up to 8 kg®, which is not very efficient considering the 50 Kg weight
limit of the total rover system. Thus, it is certainly not possible to include pigment detection in the multiple
biomolecule-based protocol. On the other hand, conventional methods for lipid quantification rely on solvent
extraction and either gravimetric assays or chromatographic determination, which are time-consuming multi-
step procedures that depend on the creation of the required test environments®. Thus, the complexity level of
these methods is not suitable for the rover system and it is not convenient to execute the methods in an external
environment. In contrast, colourimetric methods for lipid quantification constitute an attractive choice due to
their fast response and simplified sample handling; however, they also usually require other preliminary steps,
such as cell disruption and lipid extraction®, that are not convenient based on compatibility and complexity.
Furthermore, other nonconventional spectroscopic methods include infrared spectroscopy, nuclear magnetic
resonance spectroscopy, Raman spectroscopy, fluorescence spectroscopy and dielectric spectrometry®®, which
involve costly equipment. The above analysis shows that the tests of nucleic acid, pigment and lipid detection do
not fulfil the minimum criteria of the requirement analysis. Thus, they are not considered for further analysis.
Based on the above-mentioned discussions, protein, carbohydrate and ammonium ions are selected to develop
a multiple biomolecule-based biosignature detection protocol for the soil samples.

Phase 3: development of the multilayered decision-tree Framework

Using information compiled from the selected biomolecules (protein, carbohydrate and ammonium ion)
mentioned in 3.1.2, a multilevel decision tree-based framework is developed to integrate the results of multiple
biomolecular detection for classifying an unknown soil sample. A detailed architecture of the framework is
illustrated in Fig. 2. The tree consists of 3 decision layers. Each of these layers contains unit blocks. This unit
blocks work as decision breakpoints for the tree. From the topmost layer, the most weighted biomolecule
unit blocks are present. In this research, the most weighted biomolecule for life presence making a decision is
deemed to be protein. Then the carbohydrate and ammonia unit blocks are present in the later layers of the tree,
respectively. Each layer of the tree is connected with a binary decision selector. These selectors help the protocol
in branching out its decision from the topmost layer of the tree to the bottom. With each passing layer, the
plausible decision-making from the protocol increases by an exponential of two.
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Considering the structure of a unit block, each block contains a definite biomolecule as its domain, where a
number of chemical analysis tests, related to the domain, are also present as the blocks cell. Each of these cells
are weighted. The description of calculating the weight score based on a six-principle qualitative analysis can
be found in the subsequent subsection "Phase 4: qualitative test scoring for selection of test methods" in detail.
The weighted calculation of these cells determines which cell will be considered to be passed on to the binary
decision selector for chemical analysis. Each unit block calculates the weight of each cell present within it and
passes the most weighted cell to the binary decision selector. The binary decision selector then uses the chemical
analysis test present in the past cell and based on its result passes a binary result (true/false) in the next layer. This
unit block structure is followed for all the blocks of the tree until the leaf unit blocks of the last layer. The leaf unit
blocks also pass their best weighted cell to binary decision selector but unlike passing it onto another layer, these
selectors provide life expectancy decisions based on the flow of data on the tree.

Based on the presence and absence of the selected biomolecules in the collected sample, the tree generates
life expectancy results as outcomes. The presence of protein is examined at the very first layer of the tree.
Following that, the tree looks for carbohydrates, and lastly, ammonium ions. There are eight potential results
of the proposed protocol. When all three types of biomolecules are present, the result is classified as Extant; if
none are present, the classification is NPL. All living things have proteins, which cannot be found in an abiotic
environment. Moreover, one important class of biomolecules that can be discovered in subsurface fossils is
protein”. Similarly, microorganisms, plant tissue, or tree roots all contribute to the presence of carbohydrates
in soil samples®’. Fossilized samples of protozoa, mollusks, arthropods, and plants also contain carbohydrates®.
Furthermore, ancient sedimentary rocks contain carbohydrates as well®®. Even though both proteins and
carbohydrates can be found as fossil molecules, carbohydrates exhibit greater resistance to decay than proteins,
suggesting a greater likelihood of their retention in fossil records or absorption into fossil fuels’’. Hence, the
presence of protein always provides an Extant result for us independent of the other two sorts of molecules.
The framework gives priority to the existence of carbohydrates in the absence of protein. Regardless of whether
ammonium ion (NH4+) is present, the framework always produces the result “Extinct” if carbohydrates are
present but protein is absent. Although ammonium ion (NH4+) can be generated abiotically or biotically, it
can also be found in living things”. Because of this, any one of the three outcomes (Extant, Extinct, and NPL)
cannot be determined by the presence of ammonium ion alone. This ambiguous outcome is treated as NPL by
the framework to prevent difficulties.

Phase 4: qualitative test scoring for selection of test methods

Various tests exist for detecting proteins, carbohydrates, and ammonium ions. However, the requirement analysis
discussed in 3.1.2 does not allow all the variants of the tests to be conducted in an onboard laboratory as a rover
subsystem. Thus, six principles are extracted from the requirement analysis, and the principles are assigned a
numerical weight according to priority based on requirement analysis factors. After that, a weighted test scoring
based on these principles is conducted to select the best suitable test methods for the different biomolecules.
Selected principles for qualitative analysis are as follows:

Hazardous Substances (HS). Any substance that can potentially affect safety and cause health hazards
is deemed hazardous. Properties that can compromise the safety of the users and the components include
flammability, explosiveness, toxicity, and the ability to oxidize. Concentrated H,S0,, HCI, NaOH, H,0,, Brare
some examples of hazardous substances. For strict safety purposes, hazardous substances are not allowed in the
on-site tests (Labels: Require HS-0, Don’t Require HS-1; Weight=1).

Time (T). The amount of time required to conduct an experiment and to get the result (Labels: > than 25 min-
0, <= 25 min — 1, Weight=0.9).

Color Identification (CI). It defines the recognition of colours of the components of a chemical reaction once
it reaches the desired stage. Although colour identification alone is not a reliable procedure in the identification
of compounds due to the effect chemical impurities have on the colour of compounds, this technique essentially
provides a head start to the identification process (Labels: Distinct colour-1, No Distinct Colour-0, weight =0.8).

Unit Compound Identification (UCI). Unit compound (UC) identification such as amino acids for proteins
and monosaccharides for carbohydrates is important as it ensures the feasibility of the test for all variants of that
particular biomolecule (Labels: UC identified-1, UC Not Identified-0, weight=0.7).

Direct Heat Contact (DHC). Direct heat contact refers to the process of test completion over a heating
component rather than using a water bath. Although a water bath can provide more precise control over the heat
generated for the tests, DHC is more suitable for a rapid and spill-free approach. Usage of heating components
with direct contact of testing beakers also removes the complications of using water bath heating mechanism
on a rover body. Regarding the safety of the rover, non-flame-generating heating components are considered for
DHC. Thus, it is more convenient to use direct heat using a heating pad for a rover subsystem (Labels: Functional
under DHC-1, Not Functional under DHC-0, weight =0.5).

False Positive (FP). While identifying a specific compound, the presence of certain compounds can cause a
positive result while the actual compound is absent. This positive result turns out to be a False Positive that is not
desired (Labels: Doesn’t Give False Positive — 1, Gives False Positive — 0, weight =0.3).

Modern instrumental methods are far more sensitive and accurate in terms of detecting or quantifying
certain biomolecules than traditional spectrophotometric methods. However, these modern instruments can
be expensive and difficult to manipulate for certain mission scenarios as discussed in the previous subsection.
Considering the budget constraints given by the URC and the feasibility of detecting these biomolecules on
rover bodies through on-board analysis, mostly traditional spectrophotometric detection methods have been
considered in this research.

Some of the most popular test methods for the detection of proteins, carbohydrates and ammonium ions are
considered for the scoring procedure. The tests are scored according to the characteristics of the test procedures
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in the six selected scoring principles. They are Biuret, Xanthoproteic, Millon’s and Ninhydrin test for protein
detection; Benedict’s, Seliwanoff’s, Barfoed’s, Molisch’s and Iodine/Lugol’s tests for carbohydrate detection; and
Schloesing’s method, direct distillation with magnesium ion and Litmus strip tests for ammonium detection. The
above-mentioned tests are conducted in the Chemistry laboratory of MIST and the results are documented to
determine the score of the principles. Test scoring results of the mentioned methods are shown in Table 2. The
total score for any test has been calculated using the formula:

K = Set of Principles = (HS, T, CI, UCI, DHC, FP)

E (K) = Label of any test E for principle K [e.g. : Xanthoproetic (HS) = (]

Wi = Weight of principle K

K=6
Total score for any test E = Z x E(K)xWg (1)
2%

It is evident (Table 2) that although the Biuret test can detect the presence of peptide bonds in a substantial
peptide bond concentrated protein sample, it fails to detect the unit compound amino acids (#4 UCI) in the soil
specimen. Moreover,ammonium sulfate can often generate colored complexes or interfere with color development
resulting in false positives (#6 FP). On a similar note, Millon’s test cannot identify the unit compound (#4),
amino acids in the soil sample despite having a quick completion time of 2-3 min (#2 T). Moreover, compounds
like salicylic acid and phenolic compounds can give rise to a false positive (#6) in this method. Both Biuret
and Millon’s tests get a score of 2.7 (Table 2). In contrast, detection of amino acids by both Ninhydrin and
Xanthoproteic tests can be stated as indirect protein assay methods. However, the prime component for the
nitration reaction in the Xanthoproteic test is concentrated HNO, which is a hazardous substance (#1 HS) and
requires careful handling. The use of the Ninhydrin test is time-efficient with the detection time only between
3 and 4 min (#2). It can also easily detect amino acids (#4) indicating the likelihood of protein presence in the
soil sample. Thus, the Ninhydrin test is selected with a total test score of 4.2 while the Xanthoproteic test is the
nearest one with a test score of 3.2 (Table 2).

In the case of carbohydrate detection, Seliwanoft’s reagent contains highly concentrated HCI (#1) that may
compromise the safety of the rover. Moreover, it detects aldose and ketose but is unable to detect monosaccharides
(#4) and the use of a water bath (#5 DHC) is a must in this method. Similarly, Iodine/Lugol’s solution test
can only detect polysaccharides (#4) and cannot identify monosaccharides. Although Barfoed’s method can
successfully detect monosaccharides (#4), direct heat contact (#5) is not convenient for the test. Again, the
concentrated sulfuric acid (#1) required to conduct Molisch’s test for the detection of carbohydrates is highly
corrosive and is potentially explosive in its concentrated form. In addition, the presence of some organic acids
(citric acid, lactic acid, oxalic acid, formic acid etc.) can give false-positive (#6) results in this method. Benedict’s
test identifies monosaccharides (#4) in a soil sample and does not involve any corrosive ingredients (#1) in the
process. Considering all the principles, Benedict’s test achieves the highest test score of 4.2 than Barfoed’s (3.7),
Todine/Lugol’s (3), Seliwanoff’s (2.0) or Molisch’s (1.7) test (Table 2). Thus, Benedict’s test is selected for the
detection of carbohydrates. As previously mentioned, not all types of protein and carbohydrates are detected by
the selected assays. The presence of these detection tests rather predicts the likelihood that the sample includes
carbs and protein.

In the case of ammonium ion detection, the first Schloesing’s method requires strong sodium hydroxide. It,
therefore, is discontinued because this strong alkali even at low temperatures gradually decomposes the organic
nitrogen compounds giving rise to ammonium ions. Hydrochloric acid (#1) needed in the second Schloesing’s
method removes approximately 60-70% of the added ammonium ions®>. This method requires the distillation
of the soil directly with magnesia, and the amount of ammonium obtained by distillation is dependent on the
duration of the distillation, which is proportional to the amount of water and soil used and, on the amount of
heat applied. Therefore, it takes more time (#2) to get the ammonium ions by this process. Moreover, these two

T CI DHC
Biomolecule | Test name HS (1) | (0.9) | (0.8) | UCI(0.7) | (0.5) | FP (0.3) | Total Score
Biuret 1 1 1 0 0 0 2.7
Xanthoproteic 0 1 1 1 1 1 3.2
Protein
Millon’s 1 1 1 0 0 0 2.7
Ninhydrin 1 1 1 1 1 1 4.2
Benedict Solution 1 1 1 1 1 1 4.2
Seliwanoff’s 0 1 1 0 0 1 2.0
Carbohydrate | Barfoed’s 1 1 1 1 0 1 3.7
Molisch’s 0 1 1 0 0 0 1.7
Todine/ Lugol’s Solution 1 1 1 0 0 1 3
Schloesing Method 0 1 0 X 0 1 1.2
Ammonium | Direct Distillation with Magnesium ion | 1 0 0 X 1 1 1.8
Litmus Strip test 1 1 1 X 1 1 3.5

Table 2. Weighted test scoring of the Biomolecule detection methods (X means insignificant).
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methods do not give coloured identification (#3 CI) during the test. The use of hazardous substances and the
length of time required to obtain the ammonium ions are drawbacks of the first two methods resulting in a test
score of 1.2 and 1.8 respectively (Table 2). On the other hand, in the Litmus Strip test sodium hydroxide solution
is mixed directly with the soil sample and then heated. The ammonium ions present in the sample then turns
into ammonia gas and this gas turns the red litmus paper blue. With the highest score of 3.5 (Table 2) among all
the ammonium ion detection methods, the litmus strip test method is selected for the detection.

The weighted analysis system for selecting assays is a dynamic component of the proposed protocol, as the
weight criteria can be adjusted based on mission requirements and constraints to better align with a positive
development stage later on. For instance, this study’s demonstrated case illustrates the protocol’s usage in URC.
The URC mission criteria, as previously stated, required strict time and resource limits while discouraging the use
of hazardous compounds. Therefore, the hazardous substance weight (HS) and time weight (T) are given higher
priority than the others in this weighted analysis. The color weight is also emphasized due to the availability
of color-detecting sensors, rather than more precise detectors that would reduce false positives. Similarly, in
other extraterritorial mission scenarios, mission planners can dynamically adapt their in-situ experimentation
plan using the weighted analysis even before the development phase begins. For example, in missions focused
on rapid testing, the time weight (T) can be heavily prioritized to ensure speed, while exploratory missions
requiring more precise results can reduce T and increase the false positive (FP) weight to enable more thorough
analyses with fewer false positives. Similarly, in resource-limited missions, the color identification weight (CI)
and the device heating control weight (DHC) can be elevated to favor simpler methods and heating mechanisms,
whereas missions demanding precise control or advanced molecular detection can adjust these weights
accordingly, ensuring the protocol aligns with varying mission priorities and constraints.

Development of the Rover Scientific Exploration Subsystem
The rover subsystem is developed to be attached to the main chassis to provide a tool suitable for collecting soil
samples from remote and difficult terrains.

Design and fabrication

For evaluating the proposed protocol, a mechanical payload is designed as shown in (Fig. 3). The subsystem has
four degrees of freedom (DOF) mechanism. There are three main parts of the developed subsystem such as (a)
manipulator (b) sample collection chamber and (c) reagent mechanism. The body of the mechanical payload is
made of stainless steel and aluminum sheets and is capable of collecting 4 soil samples at a time and conducting
tests for protein (Ninhydrin), carbohydrate (Benedict), and ammonium ion (Litmus strip test) concurrently.

Manipulator

As depicted in Fig. 4b, the subsystem is able to gather soil samples using a three-degrees-of-freedom (DOF)
manipulator to which a custom-made drill bit is mounted as the end effector. The drill bit is composed of mild
steel and measures roughly 100 mm in length and 35 mm in diameter. The stainless steel plates are supported
by linear rods with a diameter of 8 millimeters and linear bearings with a 3D-printed housing to ensure smooth
motion. Two 8 mm-diameter square-threaded lead screws are used to drive the manipulator to collect samples of
soil from the ground surface and then place them in the beaker for further processing. The lead screws are driven
by two separate stepper motors (NEMA 17) A 5*8 coupler is used to connect lead screws to stepper motors. The
manipulator may move along the X and Z axes using a lead screw mechanism, while the end effector spins along
the Z axis to gather soil samples. A liquid sanitization mechanism is included to prevent cross-contamination.
Following each sample collection, the end effector releases a flow of 3% hydrogen peroxide solution.

Sample collection chamber

The sample collection chamber comprises of 12 beakers made of borosilicate glass, a 2.5 mm thick aluminum
frame, and a heat source. To gather samples, the frame adjacent to the beakers can move back and forth along the
Y-axis. As illustrated in the diagram, samples are placed along the Y-axis and concurrent biomolecules testing
are planned along the X-axis (Fig. 5b). As a heat source capable of generating 3,600 W/hour, a tailored heat pad
is employed to provide the necessary heat for the testing.

Reagent flow mechanism

Three containers carrying the chemicals for the chosen tests, a litmus device for the ammonium test, and a
framework for a single DOF tube make up the reagent mechanism. The containers are filled with Benedict’s
reagent (carbohydrate test), Ninhydrin reagent (protein test), Sodium Hydroxide solution (ammonium ion test),
and litmus paper strips in accordance with the selected tests (ammonium ion test). Reagents are delivered by
three 12-volt DC Diaphragm Metering Micro Short Motor Water Pumps.

Detection mechanism

Four NEMA 17 stepper motors alongside the drivers are used to mobilize the motions of the subsystem. The
whole rover system is controlled manually by a controller remote using a 915 MHz communication frequency,
which has a range of more than 1 km. As shown in Fig. 6, the rover at first moves to the desired sample location
and collects the sample using the manipulator. Using the motion of the beaker-holding frame along the y-axis,
the samples collected are stored in three rows of a dedicated column of the collection chamber. Then, moving
the manipulator along the x-axis the rover can collect up to four samples and store them in each column. After
collecting samples for all four columns, the reagent flow mechanism adds the regents to the beakers by sliding
down the frame along the x-axis to reach all the columns as shown in Fig. 5a. The heat source provides the
required amount of heat. Then, by using a servomotor, a SS bar with three litmus strips is held on top of the
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Fig. 6. Evaluation using mock Science Mission setup.

beakers of row three as shown in Fig. 5b. The visual color change of rows one and two and the colour of litmus
paper of row three gives the status of protein, carbohydrate and ammonium to the samples respectively. The
observation is noted using USB camera feedback from the base station. Finally, the output of the three results is
used as the input to the proposed MBLDP-R to classify the sample.

Evaluation

The evaluation study is conducted in the chemistry laboratory of MIST and at a mock science mission field. The
tests are conducted in a series of 10 events. At each event, 4 of the samples are placed in various locations of
the mock science field. The gathered data from the field are transmitted back to the main base and the samples
are predicted using the proposed protocol as a backbone algorithm. The field test videos are available at the
deposited official System Acceptance Review (SAR) video”? of the team.

Preparation of samples

The soil samples are collected from a local site. To enhance or decrease the bioload, however, essential alteration
is made. The samples are given the URC 2021 criteria labels of Extant, Extinct, and No Presence of Life (NPL).
The “Extant” samples are made up of rich dirt. These samples have any unwanted rock particles removed. In
addition, several of these samples have additional bioloads added to them (dextrose, albumin, etc.). According
to the specific instructions of the URC science judges and organizing committeeg®', the No Presence of Life
(NPL) samples are made by baking the soil for more than 24 h at 500. Two steps are taken to prepare the Extinct
samples. Phase one involves heating the gathered samples at 500 degrees for more than 24 h to destroy any
biosignatures that might have been present. Phase two involves creating an Extinct status by combining the
samples with crushed fishbones.

Sensitivity analysis of the colorimetric reactions

An evaluation study is conducted to measure the sensitivity of the tests. The selected Ninhydrin test of this
research is sensitive enough to detect up to 0.001 pmol of amines, tested from 15 sets of protein samples. This
quantity yields a reading at 570 nm of 0.028 absorbance units and the typical reagent blank is 0.02 units using
the standard assay parameters for the monitoring test. Amines present less than the lower limit in the soil sample
will not produce any colors hence will not be detected by the rover scientific exploration subsystem and hence
will produce a False Negative Output.

Study procedure
The evaluation is conducted in a mock science field of MIST. A total of 10 events are conducted where 4 samples
are used in each event. In a single event, the rover has to traverse 4 sample locations (Fig. 6) and conduct
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the onboard sample analysis using the developed subsystem. The evaluation is conducted using 40 samples
consisting of 18 Extant, 12 Extinct, and 10 NPL samples.

Results

The study indicates that the methodology was 90% accurate (36 out of 40) in classifying samples into intended
classes. In the case of Extant samples, the technique attains 94.44% accuracy (17 out of 18). Furthermore, the
method’s accuracyis 83.33% (10 of 12) for Extinct samples and 90% (9 of 10) for NPL samples. However, accuracy
is the most suited performance indicator for binary classes instead of numerous classes”®. Thus, performance
indicators like F1-score, precision, and recall are calculated per class to address this issue. Figure 7 depicts a
confusion matrix used to evaluate class identification performance. Moreover, Micro and Macro averaging,
widely acknowledged and regularly used in multiclass classification research, are utilized to assess the overall
classification performance of MBLDP-R.

Precision (See Eq. 2) is the ratio of true positive (TP) elements to positively predicted units (column sum of
the predicted positives). It expresses the proportion of units deemed positive by the model, and, they are positive.
In other words, precision reflects our confidence in the model’s accurate sample prediction. Recall is the ratio of
True Positive elements to positively classified units (row sum of the actual positives). The prediction effectiveness
of the model for the positive class is quantified by recall (see Eq. 3). Intuitively, it assesses the model’s capacity
to locate all positive units in the dataset. F1-score evaluates the effectiveness of a classification model beginning
with the confusion matrix; it combines precision and recalls’ metrics using the idea of harmonic mean. F1-score
(See Eq. 4) is the weighted average of precision and recall, with a maximum score of 1 (100.00) and a minimum
score of 0 (0.00). The proportional contribution of precision and recall equals the F1-score. The harmonic mean
can determine the optimal trade-off between the two quantities.

Thus, for any class k among the three classes (Extant, Extinct and NPL):

TPy
Precision, PK = m @
TPy
Recall, Rk = TPx+ FNx ®
PK * RK
F1—Scoreg = 2% ———— i
coreg * Pr + Rx @

The macro-averaged measures of precision, recall, and F1-score are the simple average overall classes with equal
weight to each incident type while micro average measures are based on the cumulative number of true positives
(TP), true negatives (TN), false positives (FP) and false negatives (FN) per studied type”>.

k s
Macro Precision, PMacro = W (5)
k
Recall
Macro Recall, RMacro = % (6)
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Fig. 7. Confusion matrix of the evaluation study of the protocol.
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Class wise performance of the protocol is shown in Fig. 7. Among the three classes, Extant samples are better
predicted by the protocol with an Fl-score of 97.14. The protocol slightly outperforms in the case of Extinct
Class prediction (F1-score: 83.33) than NPL class (F1-score: 85.71). The micro average for recall, precision, and
F1-score in the proposed is 89.25, 88.38, and 88.72, respectively. Since this is a single labelled multi-classification
problem, the micro average’s precision and recall are both equal to the protocol’s accuracy of 90%, from which
the harmonic mean, or micro F1 score, is calculated as a similar value (Table 3).

The area under the curve (AUC) of receiver operating characteristics (ROC) curve (AUC-ROC) is a
performance metric that is based on a varying threshold value. ROC is a probability curve and the area under
the curve (AUC) measures separability. In summary, the AUC metric announces the capability of the protocol
in distinguishing the classes. AUC ranges from 0 to 1 and higher value of AUC depicts better model (1 depicts a
perfect model). Mathematically, it can be created by plotting true positive rate (TPR) i.e., sensitivity or recall vs.
false positive rate (FPR) (1- Specificity ( ﬁ)) on varying threshold values’. AUC for the curve of the Extant
class (0.97) demonstrates the highest score, followed by NPL (0.92) and Extinct (0.88) with a small margin
between them. Overall, the micro and macro average of the protocol is 0.92 which depicts that MBLDP-R can
correctly predict the class of an unknown sample in 92% of the instances.

Intriguingly, the average time to complete the tests is 17.6 min, whereas the least and maximum times are
15.20 and 19.45 min, respectively. Extant samples require 17.3 min, whereas Extinct samples require 16.8 min,
and NPL samples require 18.2 min. In addition, negative tests require an average of 18.4 min longer. Positive
protein tests require additional processing time. All three yes tests require the least time to complete, averaging
15.2 min.

Discussion and conclusion

In compliance with URC 2021 guidelines, a time-efficient, multiple biomolecules (protein, carbohydrate and
ammonium ions) based life detection protocol from soil sample analysis (MBLDP-R) is established through the
research work described here. One of the significant outcomes of this research is using a validation methodology
for developing multiple biomolecule-based life detection protocols and proposing a functional protocol for
classifying the samples which shows consistency and rigidity in mock in situ tests. MBLDP-R proposes a
multiple biomolecule-based detection framework to be embedded in a rover’s scientific subsystem for planetary
exploration. A weighted test scoring algorithm is designed to find the most suitable test method for the given
situation. The implemented test-scoring scoring method can also be applied in different situations by setting
the weights accordingly. A robust scientific exploration rover subsystem is developed to evaluate the proposed
protocol. The evaluation study shows that the suggested protocol successfully identifies the biosignatures in
soil samples and categorizes them into the three desired classifications Extant, Extinct, and No Presence of
Life (NPL). Furthermore, the study provides evidence for the suggested protocol’s usability and functionality
in real-world situations by showing how well it performs in simulated test environments. The protocol scores
an adequate AUC value (0.92 Micro and 0.97 Macro) and excellent recall (89.25), precision (88.38), and F1-
Score (88.72) on the experimental tests of identifying signs of life in mock soil samples. Moreover, an average
time of 17.6 min for completing a full detection ensures that the requirement of the protocol to be rapid is met.
Table 4 provides a summary of the several MBLDP-R feature factors as well as other well-known life detection
approaches that were evaluated for this study.

Additionally, in contrast to other established techniques based on a single biomolecule, several biomolecule
integrations reduce the likelihood of false negatives. For instance: single biomolecule-based approach of Mora et
al.! terms a sample as No Presence of Life (NPL) in the absence of amino acid in that sample. However, several
other important biomolecules (lipid, carbohydrate, etc.) remain unidentified due to the architectural limitations
of the protocol. Thus, many samples with the absence of amino acid but with the presence of other biomolecules

Recall/sensitivity | Precision | F1-Score
Extant 94.44 100.00 97.14
Extinct 83.33 83.33 83.33
NPL 90.00 81.82 85.71
Protocol,,. . | 89.25 88.38 88.72
Protocol,;, .. | 90.00 90.00 90.00

Table 3. Performance of MBLDP-R for different classes (Class Wise and in average measurements).

Scientific Reports |

(2024) 14:26645 | https://doi.org/10.1038/s41598-024-77808-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Resource/
Developed life detection Soil sample collection Evaluation using | cost
protocols Base theory of life detection | subsystem On-board analysis | Time efficiency | empirical samples | efficiency
(Mojarro et al. 2017)*# Nucleic Acid Yes Yes No Yes No
(Goordial et al. 2017)8 Nucleic Acid Yes No No Yes Yes
(Kiflen et al. 2020)° Nucleic Acid Yes Yes Yes No Yes
(Mora et al. 2020)'° Amino acid Yes Yes No Yes No
MBLDP-R Multiple Biomolecule Based | Yes Yes Yes Yes Yes

Table 4. Comparison of MBLDP-R with earlier life detection protocols.

are termed as NPL due to the lack of contribution of multiple biomolecules during the classification of the
samples. A similar statement is also true for a handful of prevailing works®*!® where only nucleic acid has been
used to detect the signature of life.

On the contrary, MBLDP-R aims to maximize the likelihood of detecting at least one biomolecule in the
sample, thereby reducing the risk of obtaining a false negative result, by establishing a threshold value. For
example: MBLDP-R uses the presence of both carbohydrates and ammonium ions or solely carbohydrates to
identify the sample as Extant, making it capable of detecting life even in the absence of amino acids. However,
our framework does not completely eliminate the possibility of receiving a false positive due to the inherent
limitations of the individual biomolecule tests, which should be further explored in the future.

The research compares the weightage of different biomolecules found in nature in life detection decisions,
the complexity of testing them on mobile robotic platforms, and how resource and time-consuming these tests
might be. Following this comparison, the research provides MBLDP-R, which covers both the theoretical and
technical aspects of life detection. Finally, with the on-field evaluations, the research provides a clear image of how
MBLDP-R will operate in a time and resource-constrained environment, which can assist in the development
of more resilient and efficient future protocols. Additionally, the developed subsystem with the implemented
protocol is resource and time efficient unlike some of the prior life detection protocols®!!8, Finally, starting with
the development of the protocol, choosing the best tests for biomolecule detection, development of a robotic
subsystem capable of sample collection and onboard analysis, and lastly, evaluation with the real-time samples
demonstrate the holistic approach of this research that can be helpful for other researchers to explore multiple
biomolecules-based life detection methods.

Even with its efficiency and consistent performance, the work has some limitations. Firstly, the initial
filtration of the biomolecules is based on the guidelines of URC 2021. If there is no time limit, the selected
biomolecules could be different and thereby the principles for test scoring would be different. As was previously
noted in sub-subsection Phase 1: potential List of Biomolecules, the addition of time-consuming procedures
like nucleic acid and pigment detection will have a greater influence on life detection decisions. So, adding
these time-consuming but precise test techniques can increase operating time while improving the framework’s
resilience and decision-making capability, paving a path toward claiming distinct science fidelity. This can be a
potential extension of the research in the future. Additionally, there is also a chance of false positives because
the selected analytes can be created abiotically; this can be mitigated in future extensions of this study by taking
into account the investigation of biomolecules that cannot be made abiotically. Furthermore, due to limited
publicly available information regarding materials widely recognized by experts as analogues to Mars regolith or
potential biosignatures, we face challenges in making detailed distinctions between our samples in this work and
the Martian regoliths, which can be potentially added in the future works. Secondly, the protocol is evaluated
using a moderately sized sample of 40. There are future scopes to evaluate this protocol with a large sample size
along with an exploration of variations of this protocol. Another limitation is the sensitivity of the protocol. For
the detection of the biomolecules, the protocol ensured that the samples to be detected as Extant, Extinct or
NPL are exactly that. Therefore, the protocol had no scope to test how sensitive it is in determining the different
biomolecules. Whether the protocol would detect trace amounts of the biomolecules is not apparent in this
study, which can be an interesting future scope of this research. Additionally, because the rover is anticipated to
operate in an extraterrestrial environment, the soil sample that it has collected is taken into account as a potential
test subject as such by the protocol. While measuring the desired biomolecules, the soil inorganic particles are
not separated from the sample. It would take time to complete the separating process and would compromise
the rapidness of the developed procedure. However, one intriguing extension of the research can be to separate
the organic particles before analyzing a soil sample utilizing the proposed MBLDP-R.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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