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Abstract
As humans advance their presence in space and seek to improve the quality of life on Earth, a variety of science ques-
tions in support of these two objectives can be answered using the Moon. In this paper, we present a concept for an 
integrated mission focused on answering fundamental and applied biological questions on the Moon: BioMoon. The 
mission was designed to investigate the effects of the lunar radiation, gravity, and regolith on biological systems ranging 
from biomolecules to systems with complex trophic interactions, spanning a range of model organisms. Using common 
analytical systems and data processing,  BioMoon represents a systems-level integrated life sciences mission. It would 
provide fundamental insights into biological responses to the lunar environment, as well as applied knowledge for In-Situ 
Resource Utilisation (ISRU), closed-loop life support system development, planetary protection and human health care. 
The mission was conceived to test biotechnology and sensor technology for lunar and terrestrial application and provide 
education and outreach opportunities. Although BioMoon was considered in the context of the European Space Agency’s 
Argonaut (European Large Logistics Lander) concept, the mission design provides a template for any integrated life sci-
ences experimental suite on the Moon and other celestial bodies, implemented either robotically or by human explorers.

1  Introduction

The increasing international interest in expanding the robotic exploration of the Moon, and in reinstating a human pres-
ence there, is driving a plethora of scientific and technological requirements. In the process, humanity will acquire key 
skills and knowledge that will enable us to reach destinations beyond the Moon, such as Mars. In addition, such missions 
will undoubtedly produce technology and knowledge of benefit on Earth. The enormous number of scientific questions 
that can be addressed via a presence on the Moon have been elaborated [1–7]. Amongst the high priority areas of inter-
est are investigations in biosciences such as determining the effect of the (dynamic) lunar environment on biomolecular 
integrity, and how closed-loop life support systems can be generated and sustained in such an environment.

As part of its Human and Robotic Exploration (HRE) strategy, the European Space Agency (ESA) has sought opportu-
nities to contribute to lunar exploration activities, including providing the Service Module of NASA’s Orion spacecraft, 
and several elements for the Lunar Gateway (Space Station) including the iHAB module. In addition, ESA developed, as a 
next step on from the multinational HERACLES (Human-Enhanced Robotic Architecture and Capability for Lunar Explo-
ration and Science) programme, the concept of a European Large Logistic Lander (EL3), since then renamed Argonaut, 
designed to enable the delivery of cargo and/or science packages to the lunar surface in the 2030s. The EL3’s nominal 
payload mass was envisaged to be ~ 350 kg, within an overall mass of 1,500 kg. To evaluate the feasibility, desirability and 
design requirements of this concept, ESA instigated a call for candidate scientific questions that could be addressed by 
European research activities aboard such a spacecraft. This process led to the development of several working groups 
in subdisciplines, one of which coalesced around biological questions. From this working group, the concept of an inte-
grated biologically-focussed mission was born, termed BioMoon.

The BioMoon Concurrent Design Facility (CDF) study focused on the concept of a single EL3 mission that could accom-
modate an integrated bioscience mission with a variety of payloads, from microorganisms to animals, with the purpose 
of investigating the effects of the lunar environment on biological systems. We seek to describe the overall mission con-
cept here. Regardless of the eventual plans for European lunar landing capability, the principles elaborated for BioMoon 
are applicable to any exploration concept for an integrated robotic life sciences and astrobiology mission to the Moon. 
Therefore, the scientific questions, and hypotheses behind the experiments proposed, are not specific to the EL3 robotic 
concept and could be considered for any scientific programme performed on the Moon.

2 � Scientific and educational rationale of BioMoon

The BioMoon mission concept was considered as an integrated biosciences mission to operate across a single lunar day 
(14 Earth days) and night (14 days). It would provide a platform that addressed both fundamental science and applied 
(operational) biological questions, the latter primarily in support of human habitation on the Moon, including In-Situ 
Resource Use (ISRU) and life support systems. Its main objective would be to serve as a robotic laboratory to investigate 
the effects of the lunar environment upon biology, namely: lunar gravity (0.16 g), dynamic radiation (lunar weather), and 
the lunar regolith, via experiments incorporating a range of representative biological systems and/or organisms relevant 



Vol.:(0123456789)

Discover Space           (2024) 128:5  | https://doi.org/10.1007/s11038-024-09558-4	 Review

to human activity on the Moon. However, such experiments also have applications on Earth, in Low Earth Orbit (LEO) 
and in locations beyond the Moon, including Mars.

Most biological experiments in space (e.g., on the International Space Station) are performed as standalone investiga-
tions by specific principal investigators (PIs) and their team. As a result, missions to the Moon, both space agency-driven 
and commercial, have been envisaged to provide opportunities for individual biological experiments through selection 
calls. However, a weakness in this approach is the launch of disconnected experiments using different hardware, and if 
they are on different missions, they will be exposed to differing environmental conditions (e.g., space weather). Given 
the inherent complexity of biological systems, these differences could potentially make it difficult, or even impossible, to 
adequately compare and contrast data in order to derive generalised understanding and models of biological systems 
behaviour in lunar conditions.

In contrast, the BioMoon mission was envisaged to comprise a set of experiments that can be compared since they will 
operate under similar or identical conditions, and will be analysed by the same instruments. This approach allows for a 
synthetic set of comparable data across these systems, achieving a ‘systems’ understanding of how biological materials 
operate in the lunar environment. That said, each of the individual experimental payloads described here can in principle 
be implemented as a separate bioscience experiment for deployment to the Moon.

The BioMoon mission was designed to investigate biological systems across the range of complexity found in biologi-
cal systems, namely: molecules (including complexity within a range of molecules from prebiotic molecules of interest 
such as amino acids through to complex pigments of astrobiological interest), prokaryotic organisms (bacteria and 
archaea), eukaryotic single-celled organisms (algae), and eukaryotic multi-cellular organisms ranging through plants, 
insects, fish and mammalian cell systems. In addition to the complexity in the individual organisms and their phyloge-
netic diversity, BioMoon was designed to test the effects of the lunar environment on the complexity of interactions, 
ranging from isolated biomolecules, through to model ecosystems with multiple trophic levels. Figure 1 shows how the 
scientific vision of the BioMoon mission is underpinned by the concept of three axes of complexity: cellular, community, 
and phylogenetic (a diverse range of organisms) relevant to a human presence on the Moon.

The BioMoon mission was especially focused on the three key areas in which there remains a significant dearth of 
knowledge: the effect of lunar gravity (0.16 g), the dynamic and complex radiation environment, and the lunar regolith 
environment on biological systems.

Despite the Apollo missions incorporating three-day sojourns on the lunar surface and robotic missions since then, 
we have very little knowledge of how partial lunar gravity influences biological systems [8]. In fact, almost all studies in 
space and in ground-based analogues have focused on microgravity in LEO, where significant multi-systems decondi-
tioning is observed; albeit with significant intra-individual variability [9]. Furthermore, there have been very few studies 
evaluating multiple g levels in whole organisms, including in humans, owing to methodological challenges. However, it 
is clear that the biological effects of gravity are not linear, and one cannot merely interpolate the gravity level between 
microgravity and terrestrial (1 g) gravity to determine the effects of lunar gravity [10].

Fig. 1   Conceptual illustra-
tion of the way in which the 
BioMoon mission would 
investigate different axes of 
complexity in biosciences, 
including cellular complexity 
(which is taken here to include 
the astrobiological study of 
simple and complex mole-
cules), community complexity 
(including trophic levels), and 
a diverse range of organisms 
(phylogenetic complexity) 
relevant to a human presence 
on the Moon
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Whilst lunar regolith is an identified biological crew hazard [11], we have little understanding of how such material 
interacts with biological systems and its potential to support microbial or plant growth [12]. Equipped with an arm for 
collecting local regolith material, BioMoon was envisaged to possess the capability to add (local) regolith into experi-
mental containers to investigate its interactions with model biological systems. Given the importance of the regolith 
environment, this issue is addressed on its own below.

With respect to radiation, the lack of protection from an atmosphere or a magnetic field exposes organisms to the 
largely unattenuated solar and galactic radiation flux [3, 13–15]. The background radiation field on the Moon comprises: 
solar wind particles, high energy galactic cosmic rays, and sporadic high energy particles released during Solar Particle 
Events (SPEs) primarily made up of protons and helium nuclei. Most of these SPE particles have energies between 20 and 
80 MeV, with some achieving GeV energies [3]. This contrasts with galactic cosmic rays (GCR), made primarily of protons, 
alpha particles and high Z particles which have energies between 1 and 104 GeV which also have the potential for sig-
nificant biological damage [16]. Despite the many radiation experiments which have been conducted on Earth, they are 
limited to certain radiation types and energies that are not necessarily good representations of the space environment 
and are usually focused on high intensity ionizing radiation doses. In LEO, numerous studies have evaluated organism 
survival [17], but we still have very little understanding of the effects of the complex interplanetary radiation environ-
ment on biology, including the potential production of secondary particles from interactions of high energy particles 
with the lunar surface. Modelling of such risks is vital for exploration missions [18].

In addition to these complexities, the interactions of hypogravity, radiation and lunar regolith are entirely unknown. 
Although there is work dating back to the Apollo era on the effects of the lunar environment on biological systems [19], 
there is an urgent need for more comprehensive and comparable data across different biological systems gathered 
using modern analytical methods to derive information not just on single factors, but their interaction, that can be used 
to significantly advance our fundamental scientific understanding of molecular mechanisms and to provide data for 
predictive models to support human operations beyond LEO where novel solutions [20] to the challenges of resource 
availability will be required [21].

2.1 � The rationale for using regolith in bioscience experiments

A core component of the BioMoon concept was considered to be the evaluation of the effect of ‘fresh’ regolith on bio-
logical systems in order to establish whether lunar regolith can be used effectively as a substrate to provide nutrients 
for life support systems, and if bioprocesses (e.g., microbial interactions) can act upon it to yield molecules of utility for 
a human presence on the Moon.

Lunar regolith consists of impact gardened rock which has been pulverised over millions of years to form a regolith 
layer whose thickness may be several metres in some locations. Although surface material may comprise of boulders 
through to sand-sized fragments, it is also co-located with fine dusty material with a grain diameter typically between 45 
and 100 μm. Owing to the absence of liquid water to quench broken reactive silica bonds, this dust may have chemically 
reactive surfaces, which can interact with biological material. Furthermore, molecular sharp edges (uneroded by wind 
and water) and the presence of diverse impact melt glass yield lunar regolith physical and chemical profiles dissimilar to 
terrestrial weathered materials [3]. Thus, we cannot assume that our knowledge of biotic interaction with similar volcanic 
materials on Earth will translate into equivalent effects of lunar dust and regolith on a co-located biota.

Several studies have shown that lunar regolith (or its simulants) has a diversity of effects on biota [22–27], includ-
ing augmented organism growth and/or yield, but also induction of cellular stress responses [27]. To investigate these 
effects in-situ, ‘fresh’ indigenous regolith that has been on the Moon and not stored in terrestrial conditions is optimal. 
Initial studies do not provide specific requirements for a particular sub-type of lunar regolith, but a sample of collected 
material (e.g., basaltic, anorthositic) must be characterised.

Lunar soil simulants flown to the Moon for the purposes of lunar surface experiments are not adequate for studying 
the effects on biology because simulants only approximate aspects of the composition of lunar regolith. The nature of 
the lunar regolith and its activity cannot be recreated on the Earth, for example by exposing lunar material or simulants 
to ionising or ultraviolet (UV) radiation since regolith material on the Moon has been subjected to the combined effects 
of the radiation environment, low pressures (which may encourage devolatilization of some compounds) and impact 
shock processing, which can change mineralogy through pressure and temperature effects (including the formation of 
glasses). Thus, the only way to appropriately investigate the effects of lunar regolith and dust on biological systems is to 
use fresh material collected on the lunar surface itself and included into the relevant experimental conditions.
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Furthermore, BioMoon would require several tens of grams of regolith to carry out the proposed experiments, 
which is not compatible with the quantity of Apollo regolith material that is readily accessible or the quantity of 
material available from Chinese lunar sample return. Even if acquiring that quantity was possible, in the case of Apollo 
material, it has been stored for several decades and some of its pristineness is compromised [28]. The consequences 
of this for its biological activity and interaction with biological systems compared with fresh material are unknown.

There is a risk that surface material would be blown away during the landing of BioMoon, however subsurface 
material is likely to be adequate for the purposes of the mission. The science team also considered contamination 
around a proposed landing site with rocket propellant from the landing exhaust. The effects of the propellant on 
biological experiments should be tested in the laboratory to determine any potential effects prior to the mission to 
generate evidence-based mission sample requirements. However, it was agreed that on-balance the use of ‘fresh’ 
indigenous regolith, even with this potential chemical contamination, would be preferable and thereby yield the 
most valuable science.

2.2 � Scientific hypotheses

With these observations in mind, three core hypotheses were defined for the BioMoon mission:
(1) Hypothesis 1: Biological systems, including molecular targets, individual species (across diverse types of organ-

isms (taxa) and cellular complexity), and whole ecosystems, respond differently to the individual environmental factors 
associated with the lunar surface (hypogravity, radiation, and regolith). This is especially the case when the factors inter-
act. Some of these changes are common across organisms (all life), but some differ depending on taxa and/or cellular 
complexity. Understanding such responses is vital to advance predictive models of the effects of the lunar environment 
on biological systems and/or complex organisms including humans, in addition to being informative to astrobiology, 
planetary protection initiatives, and a host of fundamental terrestrial and space life questions.

(2) Hypothesis 2: Biological systems, from individual species to integrated ecosystems, can be employed to perform 
processes and generate products of direct benefit to a sustainable human presence on the Moon such as life support 
and In Situ Resource Utilisation (ISRU), including biomining and biomanufacturing.

(3) Hypothesis 3: Complex closed biological systems can be operated and sustained in space environments beyond 
LEO, including transit to and from, and when on the lunar surface.

These three hypotheses guided our preliminary design for the experimental payloads. It is noted that these hypotheses 
could form the basis of a more detailed science traceability matrix (STM) in a further iteration of such a mission concept.

2.3 � Other aspects of the BioMoon mission

2.3.1 � An integrated data vision

The three hypotheses should not be considered as separate hypotheses, but rather as complementary steps that overlap, 
not only in the type of experimental data obtained, but also the prospect of equivalent data being collected by identical 
instruments across different biological systems, facilitating an integrated comparative understanding of the interactions 
between biological systems. This vision is not without challenges, but the effort in carefully selecting instruments that 
are common to several of our proposed biological systems and suitable data processing pipelines will allow an efficient 
mission, generating robust data.

Existing microgravity experiments and their data analysis tend to be handled as separate scientific experiments. For 
BioMoon, we conceived of developing tools on Earth that allow for curation, archiving, sharing, analysis, modelling and 
visualising data across biological model organisms using similar data sets (such as from our genetic (‘-omics), chemical, 
spectroscopic and imaging analysis) across all the different experiments. By having concurrent experiments with shared 
analytics, we might avoid the reproducibility issues that can be a problem with the comparability of science results across 
different missions and platforms.

Finally, our intent was that the BioMoon concept and associated data pipelines become a model to advance open 
science. By establishing a developer and user community we seek to generate tools, pipelines and questions that can 
be used to define future science experiments, missions, and architectures, identify associated risks, and contribute to 
the assessment of their feasibility.
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2.3.2 � Public outreach and education

The public interest in the human exploration of space and in the possibility of propelling life beyond LEO is substantial, 
and growing, in part due to the expansion of commercial spaceflight. Nevertheless, the funding of scientific payload 
development and exploitation of spaceflight typically remains largely nationally focussed [29]. In contrast, our approach 
is predicated on leveraging expertise that exists in numerous ESA member states, and potentially beyond, making the 
mission international in scope.

The BioMoon scientific objectives tend themselves to many educational objectives. By using molecular systems, 
organisms, and simple ecosystems, the mission cuts across numerous science, technology, engineering, and mathematics 
(STEM) subjects such as biological sciences, chemistry, physics, bioinformatics, engineering, and mathematics. Examples 
of curriculum areas covered by this mission include: (1) Factors determining the growth and viability of organisms, includ-
ing photosynthetic organisms, (2) Behaviour of fluids, (3) Effects of radiation, (4) Chemistry of living things, (5) Measure-
ments in biological and physical sciences, (6) Human spaceflight and its associated physical, chemical and biological 
challenges. In the latter case, topics in social sciences and humanities might also be addressed, such as the purpose of 
a human presence on the Moon.

We envisaged that BioMoon would be supported by a substantial education and outreach effort focused on the pro-
duction of lesson plans and education materials for primary and secondary schools, linked to local, national and inter-
national curriculum benchmarks, education and outreach materials at university level, and an educational programme 
directed at segments of the population that are usually regarded as marginal in space science mission plans, for example 
the prison population [30].

3 � Conceptual description of the payload

With our scientific hypotheses in mind, it was possible to consider the design of a robotic package that would enable 
us to test these hypotheses. From this conceptual foundation, it was then possible for the team to design the specific 
payloads within the context of the EL3 architecture. We present this conceptual view.

The first practical limitation to note about our hypotheses is that although the lunar radiation environment is higher 
than Earth’s, the proposed duration of a robotic mission would require highly sensitive systems to detect the radiation 
dose. For example, over a mission duration of 14 Earth days, the total dose accumulated over the mission would be on 
the order of 20 mSv, based on the dose rate of ~ 1.4 mSv/d determined by LND (Lunar lander Neutron and Dosimetry 
(LND) experiment) during solar minimum [15]. However, we expect that even this dose will cause a unique biological dose 
deposition profile in different biological systems because of its higher dose rate, energy and complexity, compared to 
LEO or Earth. Carpenter et al. [3] suggest that the minimum time required to accumulate radiation damage that will yield 
useful experimental results is ~ 1 month and, of course, the longer the mission, the clearer radiation effects will become. 
Important in this respect is the dose rate as well as the accumulated dose which determines the time necessary to get 
experimentally meaningful results [31]. Against the engineering demands of our mission, we settled on a compromise of 
one full day-night cycle (i.e. 28 days) for total mission duration, noting the challenge of operation during the lunar night.

The complexity of the radiation environment originates from both primary radiation and secondary particles (primarily 
neutrons, gamma rays and nuclear fragments) generated by primary interactions with the lunar regolith. The radiation 
field beyond LEO can be characterised as a constant chronic low dose, with a low dose-rate but with potentially highly 
biologically significant variations (peaks) in time (such as during solar flares), that may also vary over the lunar cycle. 
The relative biological sensitivity to all these factors needs to be taken into account for human radiation risk assessment 
modelling. However, data required to generate or improve these models is lacking, for example dose–response curves, 
molecular mechanisms, molecular damage, and survival characteristics of different organisms. BioMoon would contain 
a substantial dosimetry focus to significantly improve data available on the radiation environment. This leads to the 
requirement for a specific dosimetry package which will be described.

Hypothesis 1  The first hypothesis would be addressed with a two-pronged approach:

(1)	 An experiment rack containing a range of dormant biological samples to investigate the effects of accumulated UV 
and ionizing radiation damage in biological systems not undergoing repair. It will investigate how radiation affects 
biological systems in combination with local regolith. These data will yield new insights into the processes that lead 
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to radiation damage in biological systems and they will yield practical information on the fate of cells and compo-
nent biological materials in the lunar environment, with applications to planetary protection (i.e. understanding the 
contamination risk and load from human activities on the Moon and on other planetary bodies such as asteroids and 
Mars where molecules will also be exposed to high levels of ionizing radiation), survival of biomolecules (signatures 
of life and their detectability) in all high radiation environments, and the way in which high extraterrestrial radia-
tion environments influence the potential survival of life on other planetary bodies (e.g., habitability). These data 
may have application to other areas of astrobiology, for example, the origin of life and the transfer of life between 
planetary bodies in that these areas of research depend on a knowledge of molecular survival in space conditions.

(2)	 An internal set of active growth experiments that will investigate the growth of organisms in lunar conditions and 
in combination with local dust/regolith collected by a robotic arm. The expected data from this set of experiments 
will advance knowledge of how lunar conditions influence key factors in the success of biological systems in space: 
i.e., 1) growth rates, 2) repair rates, 3) genetic changes that may alter functionality, 4) reproduction, 5) interactions 
with other organisms, 6) and ‘long-term’ functional adaptations.

Hypothesis 2  The (bio) processing of local materials is key to the long-term establishment of a self-sustaining, or at least 
a maximally self-sustaining, presence on the Moon. A key hardware element of the mission is a system for the delivery of 
lunar dust/regolith from the landing site to the internal experimental suite to investigate the interaction of actively grow-
ing model organisms with this material when simultaneously exposed to the gravity/radiation conditions on the Moon.

The experiments envisaged for Hypothesis 1 will be examined for Hypothesis 2 with respect to the processing of 
materials from the point of view of ISRU/life support systems. This includes specific payload analysis dedicated to 
this hypothesis. These analyses include:

1. Measurements of useful products within the samples themselves. These could include measurements of O2 [32] 
in cyanobacterial and algal growth chambers, extrusion of fatty acids and proteins into solution (used as organic 
supplies in life support systems, for pharmaceutical production, or for the production of plastics).
2. The efficiency with which the organisms use the provided nutrients, for example the efficiency of the use of 
light and nutrients measured by growth rates, or CO2 use.
3. The processing of regolith to use this material in life support systems, biomining, and other mineral in-situ 
resource applications.
4. The use of the analytical capability to examine samples from all the chambers (e.g. examining the ion content of 
fluids to measure the leaching rate from regolith and thus the bioprocessing of regolith by cyanobacteria, algae, 
bacteria and life support system growth chambers).

Given the possibility of a deleterious effect of regolith on growth, we envisage that the regolith would be added 
after the initial growth of organisms to address Hypothesis 1 to study whether leachate from regolith will influence 
already established organisms. Once sufficient scientific data has been acquired and organisms have been grown 
for adequate time to satisfy the hypothesis, regolith would be introduced into the culture chambers and the biologi-
cal responses examined. Alternatively, separate chambers could be added to allow for an analysis of the effects of 
regolith on germination and growth from the start.

We note that apart from interactions with regolith, many other data gathered in Hypothesis 1 will be of direct 
importance to this Hypothesis (for example, O2 production, fatty acid and secondary product production in bioreac-
tors devoid of regolith). Thus, a successful advance in biological ISRU studies could be achieved in a scenario where 
regolith acquisition was not possible or the system failed.

Hypothesis 3  We can imagine the use of a wide range of biological systems on the Moon. However, key to the use of any 
of these systems is the ability to be transported to the lunar surface and to operate over extended time periods there. 
For example, can they be dehydrated or kept in storage before use? What is the effect of transportation from Earth? Can 
they be easily manipulated in space with reliable revival from a desiccated state? These are critical practical questions 
when selecting the biota for BioMoon but also for support of subsequent human missions. Some of these questions have 
already been addressed in biological experiments to the ISS and may be addressed in proposals to conduct biological 
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experiments at the Lunar Gateway. BioMoon would leverage such experiments and extend these questions to the lunar 
surface.

In this hypothesis, we investigate the viability, growth, adaptation and genetic data acquired in Hypothesis 2, but 
interpreted specifically with respect to the transport and use of organisms on the lunar surface to support and inform 
the definition of a sustained human presence.

These data will also inform the practicalities of the transportation of organisms to other locations where humans might 
explore, such as asteroids and Mars, the expected damage to these systems, and whether they might be modified by 
genetic manipulation/synthetic biology to improve their use.

4 � BioMoon payload description

Bearing in mind the hypotheses described above and the practical needs for their realisation, it was then possible to 
conceive of a total payload architecture that would address these questions and allow for integrated studies using com-
mon means of analysis. Figure 2 shows a conceptual illustration of the BioMoon basic concept which shows the major 
elements. They include the passive (dormant cells and biomolecules) experimental suite (which includes the dosimetry 
package) and the active biology suite (actively growing biological systems). The diagram shows the addition of the ana-
lytical suite (including genetic and metabolic (‘-omics’) instrumentation payload) and a regolith collection arm.

The proposed payload suite for the BioMoon project combines several payloads to run as one integrated mission that 
would offer the opportunity to perform multiple scientific experiments in parallel. A significant benefit of this approach 

Fig. 2   BioMoon notional over-
view. A. BioMoon CDF study 
logo. B. Conceptual overview 
of main units conceived prior 
to CDF. C. Main elements 
of EL3 spacecraft showing 
payload location (see text for 
dimensions)
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is that the life history of samples will be identical, removing environmental variation between different experiments as 
a factor when processing data.

The payload suites range in complexity, from designs based on hardware that has already been flown, and therefore 
has a high Technological Readiness Level (TRL5-9), such as the Dormant Experimental Suite (PES_DES), to less mature 
payloads, some of which require significant development at the time of writing, for example the complex trophic eco-
logical experiments (Closed Ecosystem payload (AES_CECO)), which are lower (TRL 1–3) level.

Proposed payload suites comprise dormant and active experiments, with dormant and actively growing organisms 
in self-contained experimental units. There is also a suite dedicated entirely to dosimetry for environmental monitor-
ing purposes (Dosimetry payload (PES_DOS)) and a unit for future biotechnological developments (Omics Instruments 
payload (BDS_OMICS)). In the latter case, certain assumptions have been made here about the state of technology, but 
because of the pace of biotechnology development, especially in sequencing technology and ‘-omics’, this unit can be 
considered as a placeholder to be populated by relevant biotechnology tests at the time of the mission. The nominal 
location of the different payloads is shown in Fig. 3.

In terms of the operation of the different payloads, it was considered that they would be powered from launch to end 
of life. Payload data would be stored from launch until beginning of landing and transmitted to the ground during the 
post-landing commissioning phase. We required that the payload data downlink and commanding frequency would be 
at least once every three hours during the experiment commissioning on the lunar surface to allow for intervention if 
necessary. Then downlink would be once every 24 h in nominal surface operations. Thermal interface control at defined 
temperature ranges would be ensured by the overall system, while internal science samples and instruments thermal 
control would be ensured by each payload unit.

4.1 � Non‑active experiments suite

These experiments include biomolecules and biological systems in a state of non-activity (e.g. desiccated) and the 
dosimetry package.

4.1.1 � Dormant experimental suite (PES_DES)

4.1.1.1  Scientific objective  To understand changes in the molecular structure/pigments and cell structure in the lunar 
environment.

Data from this payload will provide new insights on the rates and pathways of degradation that occur in biological 
molecules and whole systems in the exposed lunar radiation environment, and in conditions which can be compared, 
i.e., light (UV exposed) and dark (covered) samples with and without regolith. Results obtained will provide information 
for future life detection missions by advancing our knowledge of the longevity of biomolecules and whole organisms 
in the space radiation environment [33].

4.1.1.2  General description  This payload consists of a set of biological experiments on dormant organisms that include 
dried bacteria, algae, fungi and other cells, as well as cellular components and organic molecules of importance for 
fundamental science, astrobiology and planetary protection. Based on the successful ESA EXPOSE/OREO-CUBE [34] and 
other payloads with high TRL level 9 (Fig. 4), the lunar platform has organisms selected to cover the range of model 
organisms and their complexity. Organisms are also selected to cover the phylogenetic diversity and internal cell com-
plexity associated with biological systems that might be used in human missions to the lunar surface (i.e., microorgan-
isms, plants, aquatic organisms in life support systems). The experiment is implemented by using a surface deck to allow 
for exposure to full lunar radiation conditions (including UV radiation).

Many dormant biological organisms will be identical to those grown in the active experimental systems, allowing for 
an ability to characterise biological responses to the same lunar surface environmental factors in both dormant (non-
repairing) and active (repairing) mode.

This payload shall nominally have ~ 50 model organisms leading to 150 samples in total (triplicate samples). The total 
mass (per sample container) will be ~ 5–10 g. The volume (per sample container) is estimated as Ø15 mm × 10 mm.

4.1.1.3  Sample selection  Types of samples include organics (amino acids, fatty acids, nucleic acids, etc.), biomolecules 
(DNA, lipids, carbohydrates, proteins, extracted pigments from whole organisms such as photosynthetic pigments, etc.), 
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Fig. 3   CDF diagram show-
ing locations of the major 
experimental payloads. A. 
Overall BioMoon spacecraft. B. 
Location of active bioscience 
experiments within lander. C. 
Location of external (includ-
ing passive) experiments. 
AES_ABS, Active Biological 
Systems payload; AES_CECO, 
Closed Ecosystem payload; 
AES_LUHA, Lunar Hatch 
payload; AES_URI, Urine to 
O2 payload; APM, Antenna 
Pointing Mechanism HGA, 
High-Gain Antenna; LDE, 
landing, descent and entry 
module; LGA, Low-Gain 
Antenna; PES_DES, Dormant 
Experimental Suite; PES_DOS, 
Dosimetry payload

Fig. 4   The Dormant Experi-
mental Suite (PES_DES) is 
based on the successful ESA 
EXPOSE facility, shown here 
outside the International 
Space Station (ISS), and other 
passive exposure payloads. 
(Size: 65 × 46 cm2, height 
15 cm). The samples can be 
seen within circular enclo-
sures covered by filters and/or 
protective transparent covers
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and model organisms as thin films or bulk samples in small containers. The latter would be bacteria (including cyanobac-
teria), archaea, algae [35], fungi, plant materials, plant seeds, and animal cells/small organisms (e.g. tardigrades). Samples 
can contain different gases and/or liquids and could be mixed with lunar regolith.

4.1.1.4  Instruments/measurements  These samples will be investigated using visible microscopy, Raman spectroscopy 
and Fourier Transform Infrared (FTIR) spectroscopy. The radiation environment of the dormant organism experimental 
suite will be monitored in the UV and ionising regions by both active and passive dosimetry fulfilled by the PES_DOS 
payload (see text below). It is expected that the rack containing the organisms will be interrogated with spectroscopy 
from below (in the case of organic films) or above the samples (in the case of molecules and/or organisms on rock sur-
faces). This would be achieved with a sliding grid-like configuration with a sensor head that can interrogate each sample 
sequentially.

4.1.2 � Dosimetry payload (PES_DOS)

4.1.2.1  Scientific objective  To quantify the radiation environment on the lunar surface, including high atomic number 
and energy (HZE) cosmic particle radiation.

The dosimeter package also includes dummy biological materials to study shielding effects on radiation penetration, 
including water/fluid shielding experiments to quantify the high energy charged particle and neutron fluxes on the lunar 
surface that would be experienced by biological material.

4.1.2.2  General description  One of the critical environmental factors on the Moon that represents the greatest threat to 
the successful operation of biological systems, including humans, is the significantly more hostile and dynamic radiation 
environment on the lunar surface than LEO. This payload includes active and passive dosimetry capable of characteris-
ing the radiation field (outside and inside the lander).

4.1.2.3  Instruments/measurements  Several subunits of the dosimetry package were considered: 1) UV and Visible spec-
trometers on the surface of the lander, 2) Low and high energy neutron detectors inside the lander similar to the Lunar 
Lander Neutron and Dosimetry (LND) instrument [36], measuring radiation from above and radiation coming up from 
lunar surface (this was envisaged to require two sets of dosimeters), and 3) Smaller active dosimeters such as the M-42 
developed by DLR [37] placed in: a) the passive samples on the surface of the lander, b) the active biological units, and 
c) the complex trophic levels experiments. The team envisaged smaller dosimeters (5 of them) behind various materials, 
including water/polymer similar to cellular material, to study the effective biological radiation flux. These dosimeters 
would be placed within the dormant samples on the lander’s surface.

The dosimetry package draws its heritage from several prior packages including: European Active Dosimeter, ISS RAD, 
RAD Dosimetry on the NASA Curiosity Mars rover, LND Dosimetry, M-42 from DLR, UV Dosimetry, and BioStack from DLR.

4.2 � Active experiments suite: basic biological models

The active experiments suite allows for the study of actively growing biological systems within the lunar environment.

4.2.1 � Active biological systems payload (AES_ABS)

4.2.1.1  Scientific objective  To study the growth and physiological function of a diversity of model systems under lunar 
conditions and to obtain critical knowledge pertinent to supporting extended human presence on the Moon

The system would investigate the behaviour of whole organisms, investigating the effects of gravity, radiation and 
other factors on the growth characteristics of the model organisms. The payload is designed to study a wide diversity of 
model organisms using an identical payload design.

4.2.1.2  General description  One of the major goals of BioMoon is to investigate active biological systems in lunar condi-
tions to understand how the lunar surface conditions, including partial gravity, radiation, and regolith interactions influ-
ence life, to obtain knowledge pertinent to supporting extended human presence on the Moon. This unit will contain 
many enclosed wells (~ 200 µL) containing biological systems that will be activated (by fluid injection) upon arrival and 
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commissioning of the BioMoon mission. Samples will grow and during the mission, key parameters will be measured 
and compared to a parallel ground-based experiment.

4.2.1.3  Sample selection  The biological models in this unit would include a variety of targets. The following were con-
sidered: (1) Cyanobacteria. Cyanobacteria are the earliest branching oxygenic phototrophs and offer insights into the 
response of prokaryotes to the space environment. As producers of oxygen and organisms that can grow in rock envi-
ronments, they have an application to life support systems, ISRU and bio-manufacturing [38, 39], (2) Algae. They are pho-
totrophic eukaryotes that provide a comparison to the prokaryotic cyanobacteria, allowing us to understand how the 
different domains of life behave in the space environment (e.g., www.​ccap.​ac.​uk). Algae can be used to produce oxygen, 
fuels, drugs and many other products of direct benefit to life support and a long-term human presence in space [40], (3) 
A range of non-photosynthetic prokaryotes (bacteria, archaea), yeast and fungi. Non-phototrophic bacteria (bacteria that 
either use minerals or organics as a source of energy) are prokaryotes. Fungi are eukaryotes that use organics for their 
energy.

These organism types are representative of many microorganisms that will be used in life support systems, that can 
cause disease, that will form biofilms and foul pipes and infrastructure, that will grow in soils, etc. This growth chamber 
will allow for comparison between the phototrophic prokaryotes (cyanobacteria) and phototrophic eukaryotes (algae) to 
determine the best organisms for phototrophic applications (for example, oxygen production). Samples will also include 
models to investigate antimicrobial resistance and drug production (drug discovery) and selected radiation sensitive 
strains to measure radiation end point effects on organisms (for example, final biomass), (4) Plants. The culture chambers 
can contain small seeds that can be activated with fluid and their germination growth in early stages monitored. Root 
development can be monitored. This allows us to study a range of plant models and their capacity to be activated on the 
Moon, (5) Animal models. The culture chamber can be used to study the growth of insect and other desiccation-preserv-
able animal models on the Moon, for example the hatching and morphological attributes of mites and other organisms. 
Knowledge on the effects of lunar conditions on these organisms is necessary in the context of space agriculture, food 
production and the establishment of permanent bases on the surface of the Moon or Mars [41]. These samples would 
include mammalian model systems and human cells or organoids with applicability to animal and human health on the 
Moon, as well as providing data on the effects of radiation on human cells and tissue lines with terrestrial application.

4.2.1.4  Instrument/measurements  Microfluidics will be used to investigate a diversity of parameters in the active growth 
wells using sensors. The measurements to be taken include: (1) growth (turbidity), (2) O2 production or consumption, (3) 
CO2 uptake or production, (4) pH, (5) conductivity, (6) photosynthetic activity (PAM). Suitable sensors to achieve these 
analyses in small sample volumes would need to be chosen from existing technology or developed.

The team envisaged a unit that would take much of its heritage from the BAMMSat concept (Bioscience, Astrobiol-
ogy, Medicine and Material science on CubeSat) [42]. Samples would be integrated into a carousel-like sample chamber 
(Fig. 5). The carousel can be rotated to allow interrogation of each sample by optical and microscopy sensors, but also 
by microfluidics devices which can retrieve fluid from each sample chamber for analysis of key gas and fluid materials 
as listed above.

4.2.2 � Bioreactors payload (AES_BIO)

4.2.2.1  Scientific objective  To investigate bioprocessing and large scale biomanufacturing on the Moon
The crucial difference between this experiment and the Active Biological Systems payload (AES_ABS) is investigat-

ing how scaling up the volume of liquid affects the scientific results obtained and its implications for large volume 
applications such as bioprocessing on the Moon. Furthermore, local fresh regolith will be incorporated into three of the 
bioreactors to investigate the in-situ resource use of regolith material and the effects of regolith on biological systems.

4.2.2.2  General description  In addition to a large number of small-scale samples, which allow investigations on a wide 
range of biological processes and model organisms, it is also necessary to scale up to larger volumes to test bioprocess-
ing and recycling systems on the Moon at more realistic scales. This package will use 12 bioreactors (each with a volume 
of ~ 0.5 L) to grow chosen model organisms and it may build on the ESA ArtEMIS type design [43] (Fig. 6). The bioreactors 
will be activated once the lander is commissioned to measure key growth parameters.

http://www.ccap.ac.uk
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4.2.2.3  Sample selection  The species have yet to be determined but proposed model organisms include algae and het-
erotrophic bacteria such as Sphingomonas capable of biomining type activity [44]. Some of the organisms chosen will be 
identical to those used in the Active Biological Systems payload (AES_ABS), such as phototrophs, to allow for compari-
sons of the effects of scale on biological function.

4.2.2.4  Instrument/measurements  As with the Active Biological Systems payload (AES_ABS), parameters to be measured 
include: growth (e.g., turbidity), metabolic and pigment state by imaging, and gas use and production (e.g., O2 and CO2 
production and use). Temperature, relative humidity, pH, electrical conductivity, redox potential, and fluid ion content 
will be measured using ion selective electrodes (Fig. 7).

In this experiment, we envisaged integration of analytical capabilities with the Active Biological Systems payload 
(AES_ABS). Fluids removed from the bioreactors would be examined by the same instruments calibrated to the same 
standards, allowing for direct comparisons of growth rates, and biological changes between small scale and large-scale 
experiments.

4.3 � Active experiments suite: basic trophic models

These active experiment suites advance beyond the study of fundamental biological models to investigating trophic 
level interactions.

4.3.1 � Urine to O2 payload (AES_URI)

4.3.1.1  Scientific objective  The scientific objective is to examine microbe-plant interactions in a simplified biological life 
support system experiment

The system will study the efficacy of the microbial processing of urine and the transfer of the nutrients to a plant 
module. In essence, this experiment can be considered as part of the Bioreactors payload (AES_BIO), but with two 
bioreactors connected to each other. In one bioreactor, urine is introduced into a regolith/microbial community for 
processing. After 14 days, the fluid from this compartment is pumped into a second reactor in which plant germination 
and growth is observed.

Fig. 5   Conceptual illustration 
of the Active Biological Sys-
tems payload (AES_ABS) and 
the carousel-like configura-
tion based on the BAMMSat 
concept
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4.3.1.2  General Description  This payload is an augmentation of the experimental unit: Bioreactors payload (AES_BIO). Its 
purpose is to demonstrate the feasibility of a simple trophic chain of relevance to biological life support systems using 
urine as the main nutrient source for plants after processing by a microbial community.

4.3.1.3  Sample selection  The experiment comprises two bioreactor units: one with microorganisms and one with plants, 
the latter being fed with urine processed by the microbial community. The experiment is based on the Bioreactors pay-
load (AES_BIO) described above using the same analytical capabilities.

4.3.1.4  Instrument/measurements  As with Bioreactors payload (AES_BIO), fluid will be examined to determine growth 
(e.g., turbidity), metabolic and pigment state by imaging, and gas use will be examined (e.g., O2 production, CO2 use). 
Temperature, relative humidity, pH, electrical conductivity, redox potential, and fluid ion content will be measured using 
ion selective electrodes.

Fig. 6   The ESA ArtEMIS biore-
actor design, which is consid-
ered a baseline design for the 
bioreactors described for the 
Bioreactors payload (AES_BIO) 
and the Active Experiments 
Suite—Basic trophic models. 
LED, light-emitting diode; 
OMU cuvette (monitoring unit 
for cell density and photosyn-
thesis) [43]

Fig. 7   A basic conceptual 
design for the Closed Ecosys-
tem payload (AES_CECO)
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4.3.2 � Microbe‑Assisted plant growth payload (AES_MAPG)

4.3.2.1  Scientific objective  To test whether a component of a life support system using plants growing in lunar regolith 
can be implemented

The regolith will be added to a bioreactor unit containing microorganisms that are desiccated. These organisms are 
activated by simultaneous injection of fluid. The payload tests the scientific hypothesis that microorganisms can be used 
to break down regolith into accessible nutrients for plants.

4.3.2.2  General description  The experiment tests the feasibility of growing plants in fresh lunar regolith with the assis-
tance of microbial communities (which are used to leach mineral nutrients (e.g. Fe, Ca, Mg, K, Na and other cations), 
avoid the accumulation of metals to toxic concentrations, and provide nitrogen fixation so that nitrogen is available to 
the plants). Local fresh regolith will be added to a bioreactor unit containing desiccated microorganisms and then liquid 
(medium) will be added to activate the experiment on the lunar surface.

4.3.2.3  Sample selection  Basic trophic chain with microorganisms and plants growing in local regolith, fed by nutrients 
extracted from the regolith by the microorganisms (with N and C pre-added to the unit).

4.3.2.4  Instrument/measurements  The experiment will investigate O2 production. Photography will be used to study 
plant growth. 16S metagenomics (or DNA microarrays) will be used to assess microbial population dynamics.

4.4 � Active experiments suite: complex trophic models

This active experiment suite advances beyond the study of basic trophic level interactions to investigating the effects of 
the lunar environment on more complex trophic interactions, including animal components [45]. These experiments use 
bespoke experimental containment packages different to the standardised bioreactor experiments described in the previ-
ous experiments.

4.4.1 � Lunar hatch payload (AES_LUHA)

4.4.1.1  Scientific objective  To investigate aquaculture fish behaviour and growth to better understand fish as food 
sources for farming on the lunar surface

The experiment assesses the embryo and post-hatching fish development in the lunar environment. A hatching rate is 
evaluated using a camera. The mission results will identify technological challenges for the next steps and demonstrate 
closed loop system operation and functionality on the Moon.

4.4.1.2  General description  This payload is an experiment to study fish farming on the Moon as a means of protein 
and lipid production for life support systems. This growth chamber investigates an aquatic life support system, recog-
nising that aquatic biological systems are likely to form an integral part of life support systems on the Moon [45]. The 
experiment uses a simple unit to grow aquaculture fish from the embryos to a larval state examining their growth and 
development and associated biological parameters. Heritage of the experimental package comes from C.E.B.A.S (Closed 
Equilibrated Biological Aquatic System) [46], ArtEMIS-BioReactor and other payloads. The experimental package is at low 
TRL (1–3) and would be a good candidate for development.

4.4.1.3  Sample selection  Aquaculture fish eggs will be fertilised on Earth and the hatching will occur on the Moon. A 
simple trophic chain will be installed at the beginning of the mission, with aquaculture fish larvae fed with cryoplankton 
and/or inert micro pellets. Fish species candidates and cryoplankton/pellet quantities will depend on the space dedi-
cated to the Lunar Hatch experiment.

4.4.1.4  Instrument/measurements  The following parameters will be measured: water temperature, O2 consumption, 
CO2 production, NH4 concentration and NO2 concentration, fluid hormone in the water to determine the potential stress 
of the organisms. Video and photography will be used to investigate larval growth, swimming and feeding behaviour. 
Radiation measurements will be obtained with the Dosimetry payload (PES_DOS).
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4.4.2 � Closed ecosystem payload (AES_CECO)

4.4.2.1  Scientific objective  To understand living organism behaviour and growth with respect to their use as food source 
for farming on the lunar surface

This experiment will identify the technological challenges and demonstrate closed loop system operation and func-
tionality on the Moon.

4.4.2.2  General description  This payload is a mixed package containing microbes, plants and fish to investigate organ-
ismal interactions under lunar conditions. It is the most complex of the BioMoon payloads and is focused on testing a 
miniature life support system for lunar deployment. The data gathered will allow us to evaluate which environmental 
stresses on the Moon dominate the response for different biological model organisms that represent components of a 
human presence on the Moon (prokaryotes, single and multi-celled eukaryotes including human cell model organisms). 
For example, radiation and gravity have differential effects and by examining the range of biological systems we pro-
pose, we will be able to understand how different factors are influenced by cell type or phylogenetic affiliation or cellular 
complexity. The experimental package is at TRL 1–3 and would be a good candidate for development.

4.4.2.3  Sample selection  Complex closed trophic system (~ 2–3 L) with fish, snails, shells and algae, coupled with an 
aquaponics chamber for vegetables. The exact species are yet to be determined.

4.4.2.4  Instrument/measurements  The following parameters will be measured: water temperature, O2, CO2. Video and 
photography will be used to investigate growth. Radiation measurements will be obtained with the Dosimetry payload 
(PES_DOS).

4.5 � Biotechnology demonstrator suite: omics instruments payload (BDS_OMICS)

This experimental suite is a technology demonstration and testing suite designed to investigate the effectiveness of a 
range of biotechnology analytical methods on the Moon. The technology is rapidly developing and will certainly be out 
of date by the time such a mission is realised in practice. Thus, what is described here provides an example of the con-
cept. The suite not only tests lunar biotechnology, but also is used in DNA sequencing and molecular analysis of samples 
derived from the active experiments described earlier.

4.5.1 � Scientific objective

The biotechnology package will be an experiment in itself, containing its own samples for processing. Specific areas we 
envisaged testing include: (1) Miniaturisation and automation of DNA/RNA sequencing, protein and metabolite analysis 
in space, (2) Miniaturisation and automation of chemical analysis of solutions and ion concentration monitoring in space, 
(3) Sensor applications in space to measure gases, ions, physical conditions of relevance to medical sensors and testing 
etc., (4) Miniaturisation of spectroscopic methods for studying biological systems including microscopy, Raman, FTIR, 
and (5) data analysis pipelines for biotechnology.

4.5.2 � General description

Key to future operations on the Moon is the end-to-end automated analysis of biological samples and the use of biotechnol-
ogy on the Moon, including -omics analysis, sequencing technologies, novel sensing and monitoring equipment (imaging, 
spectroscopy, ion sensing, etc.). These technologies are rapidly developing, and their automation and improvement for 
space missions are an ongoing process. These technologies have been developed for use on the ISS, but applying them on 
the lunar surface represents a new level of challenge that this mission will address.

4.5.3 � Samples and instrument/measurements

The unit will focus on the end-to-end analysis of biological samples, including DNA, RNA, lipid and protein samples, to inves-
tigate the accuracy, efficiency and effectiveness of the methods on the lunar surface. The core technology will be based on 
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NanoPore™ sequencing technology and derivations of this capability. DNA, RNA, protein and lipid samples would be used 
in the package. Samples will also be provided from the active biological payloads as well as pure control samples within the 
experimental unit itself.

4.6 � Other payload units

In addition to the science payloads, the BioMoon mission will also have a unit to collect regolith material for use in active 
biological experiments.

4.6.1 � Regolith processing box (RegBox)

4.6.1.1  General description and operation  This unit will collect an estimated regolith mass of ~ 120 g, including a 100% 
margin (6 × 10 g samples; three samples are required for each AES_BIO and AES_MAPG package). Fresh regolith would be 
delivered to a dedicated Regolith Processing Unit for analysis, conditioning and final dispatch to Bioreactors (AES_BIO) 
and Microbe-Assisted Plant Growth (AES_MAPG) payloads. Typical heritage includes the ESA Rosalind Franklin ExoMars 
Rover sample preparation and distribution system.

Regolith acquisition, conditioning and distribution are part of payload commissioning during post-landing opera-
tions. Conditioning includes graining the collected sample to suitable particle size while keeping samples within suitable 
thermal conditions.

5 � Payload budgets summary

Although the level of definition of the payload suite is preliminary, the relevant heritage identified for each one of the 
payloads allowed the compilation of a comprehensive list of nominal resources needs for this feasibility study. These are 
the summary data gathered during the course of the design process, and they are shown in Table 1.

6 � Some fundamental mission requirements

Given that this mission involves the use of biological samples, several requirements were identified to ensure the 
integrity of the samples. In the pre-mission phase, the following pre-flight and upload requirements were envisaged:

•	 Temperature control of samples (above 5 °C and below 35 °C) to be used for active biological analysis to minimise 
loss of viability.

•	 Late access (24 h before launch) may be required.
•	 Low humidity (~ 10- 20%) of desiccated samples must be maintained.

On the lunar surface:

•	 Collection of regolith and insertion into active and dormant modules in mission.
•	 Temperature control of pressurized (~ 1 bar) active chambers (20–25 °C).
•	 Humidity control in chambers (~ 10–100% RH).
•	 Artificial light for photosynthetic growth chambers (to 0–1000 µmoles/m2/s).
•	 Active analysis of samples, both dormant and actively growing biological systems.
•	 Capacity for physiological and genetic analysis (-omics).
•	 Data transmission from the lander to scientists on Earth.
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7 � The failure modes of BioMoon

Biological systems can be complex and unpredictable. For this reason, BioMoon was designed by the team to incor-
porate several ‘failure levels’ ensuring that even if the mission was minimally successful, important new data would 
be returned, allowing us to achieve significant scientific outcomes. These levels could also be considered to repre-
sent de-scoping options for the mission (for example, if local regolith acquisition was not possible, level 3 could be 
eliminated from this mission iteration).

This multi-layered approach consists of the following levels of mission success:

Level 1 (Minimal mission concept or minimum mission success). Dormant molecular and cell exposure to the lunar 
environment on the surface of the lander with spectroscopic analysis/imaging of samples as the minimal lander 
operation is achieved. This would provide important information on the fate of biological systems in the lunar 
environment of importance to subject areas directly related to a future human presence on the Moon. They include: 
astrobiology, planetary protection, human health and life sciences, specifically yielding new information on the 
effects of lunar surface radiation and hypogravity on biological systems.
Level 2 Successful operation of active culture chambers using their incorporated sensor suites. This minimal active 
chamber operation would provide us with important new knowledge on growth, gas production and use, and 
effects of gravity and lunar radiation on the growth and behaviour of active biological systems on the Moon. The 
built-in sensor suites within each culture chamber are selected according to the question: ‘If these were the only 
sensors available, could you still get important scientific results?’ For example, the aquatic culture chamber has 
within it sensors to measure nitrite/nitrate so that a set of sufficiently comprehensive data for publication can be 
achieved by the operation of the culture chamber alone.
Level 3 Behaviour of biological systems in contact with lunar dust/regolith is successfully investigated. Success-
ful introduction of regolith and operation of active chambers would provide us with information on the role of 
dust/regolith in biological toxicity and the capacity of biological systems to process lunar materials for ISRU/life 
support systems.
Level 4 In-depth investigation of molecular responses of life to the lunar environment is achieved. The highest level 
of success would involve successful operation of the reactors, introduction of regolith to carry out sequencing, 
-omics, advanced imaging and chemical analysis of samples from the different growth chambers.

BioMoon aims for success at all four levels, but the mission was designed in a modular fashion so that, for example, 
failure of the biotechnology (-omics) facility would not compromise addressing our scientific hypotheses, but merely 
reduce the quality and quantity of data obtained that can be used to address the hypothesis.

Table 1   Payload budgets 
summary for BioMoon 
providing mass, volume, 
power and data generation 
values

Payload budgets summary

Payload unit Mass [kg] Volume [mm3] Power [W] Data generation [MB/day]

Transfer Commis-
sioning

Surface Ops

PES_DES 13.2 280 × 350x350 5 2 50 800
PES_DOS 24 200 × 200x200 5 50 50 50
AES_ABS 60 350 × 350x350 20 5 30 1200
AES_BIO 60 520 × 280x320 42 5 30 200
AES_URI 12 180 × 250x300 10 5 30 350
AES_MAPG 12 180 × 250x300 10 5 30 350
AES_LUHA 24 350 × 150x300 10 500 500 500
AES_CECO 66 215 × 300x170 10 10 50 1000
BDS_OMICS 24 300 × 300x300 10 2 50 1000
RegBox 18 500 × 500x500 10 0 50 0
Total 313.2 122 584 870 5450
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8 � Summary of the systems and engineering architecture description for BioMoon

This paper is primarily focused on the science elements of the mission. However, here we summarise the systems and 
engineering considerations relevant to carrying out the science to give some idea of how the scientific requirements 
impinge on the overall mission architecture and design. More in depth analysis of these systems, their budgets, trade-offs 
and risk scenarios can be found in the complete CDF engineering description of BioMoon as described by Grenouilleau 
et al. [47].

8.1 � General BioMoon systems and configuration

The BioMoon concept was designed under the constraint that the mission was able to deliver 1,800 kg to the lunar surface 
(including the payload cargo segment) and that the maximum diameter of the cargo module would be 4.57 m. It should 
operate for one lunar day (14 Earth days) and one lunar night (14 days), thus 28 days in total.

The landing, descent and entry module (LDE) would not provide power to the payload during the mission (see below 
for power description) and no communication with the payload would be available during landing. The payload would 
be fully independent from the LDE. The LDE would allow the craft to land within a radius of 250 m centred in the target 
landing site location.

The target landing site would be near the south pole with low Sun elevation during the lunar day near to a planned 
human base camp. The baseline was taken to be a landing near Shackleton crater (89.7°S). The daylight hours vary from 
periods of complete darkness within some craters to ~ 90% illumination on high points. For the sake of a baseline design, 
this mission was assumed to be exposed to sunlight for 50% of the time (i.e., 354 h of sun and 354 h of darkness).

We note that the experiments described here are not dependent on a lunar location and could be implemented 
anywhere on the Moon (or other planetary bodies for that matter). The location was chosen on the basis that Argonaut 
was envisaged as part of the Artemis lunar architecture which calls for the establishment of a human presence at the 
lunar south polar region.

In total, the mission experimental payload consists of nine experimental units (discussed above) with a total mass of 
331.20 kg within a total spacecraft mass of 1508.50 kg (with power (373.10 kg) and structures (317.4 kg) constituting the 
two other largest mass-consuming elements).

8.2 � Data handling and telecommunications

The location of the lander was assumed to provide a situation where Earth was visible between 30% (worst case) and 
80% (best case) of the time.

Given the large data volumes from the science experiments, communications were designed with this requirement in 
mind. During the post-landing operations phase, the experiments are being commissioned. Given the critical time this 
represents for experiment testing and verification, then it was envisaged that communications with the ground station 
would be required every three hours during this 1–4-day commissioning phase. During the Lunar Surface Operations 
phase, it was determined that a 1.5 h slot every 24 h would be sufficient to transmit all mission data via K-band at 50 
Mbps. This data requirement was calculated across all experiments to be 95.7 Gb/day.

Onboard data storage requirements were considered to require storage of ~ 4 Tbits of data, which can be accomplished 
using existing mass memory boards. All data handling was considered achievable based on Advanced Data Handling 
Architecture (ADHA) and Control & Data Handling Systems (CDHS) developed by ESA.

To achieve communications with Earth, the craft would be equipped with two 550 mm steerable K-band (downlink) 
high gain antennae and two fixed S-band (uplink) antennae.

8.3 � Mechanisms, automation and robotic handling of regolith

The BioMoon craft was envisaged to be able to collect at least 120 g of regolith to provide to the experiments. The rego-
lith will be collected by a robotic arm from the surface environment around the lander (within a 3 m radius) which will 
dispense the material into a funnel from which regolith will be dispensed to the surface experiments. This operation 
is envisaged to be done only once, but if this retrieval fails, the arm should be capable of repeating the operation. The 
arm would have a camera allowing for analysis of the proposed material prior to excavation. The team considered the 
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problem of contamination of the regolith during landing and this a matter that needs further exploration. One option 
is to scrape the surface material away to seek fresher material beneath. The team noted that robotic arm technology is 
well developed and has been employed on missions such as the Viking and Phoenix Mars missions to successfully col-
lect surface regolith samples.

One proposed configuration was an arm with three segments (of 2.2, 2.0, and 1.8 m, respectively) and a clam-shell 
grabber at the retrieval end, giving the arm a range of 0.6 to 4.0 m from its attachment position on the upper part of the 
lander (Fig. 8). Alternative architectures would place the arm at a lower height on the lander. The peak nominal power 
for this regolith arm collection would be 38W.

In addition to the robotic arm, regolith acquisition unit, it was also envisaged to have a tilt mechanism to allow orien-
tation of the Passive Experimental Suite (PES_DES) and Dosimeters (PES_DOS) towards the Sun with a retractable cover 
to be removed once landing has occurred. The pointing mechanism allows the lander to land on a slope up to 15° but 
no more. The retractable cover provides protection for the samples during transit and landing, but also ensures that UV 
radiation exposure of the passive biological model organisms only occurs once experimental surface operations have 
been initiated.

8.4 � Thermal and power requirements

During transit to the Moon, thermal control would be provided to the payload since many organisms and biological 
systems cannot tolerate freezing and must be maintained at appropriate temperatures for survival. Thermal control must 
be provided to the experiments during the full lunar day and night cycle envisioned for the mission. The spacecraft would 
be equipped with 1.2 m2 of louvered/shuttered radiators with heat pipes for thermal control. The power to the thermal 
system allows the spacecraft to maintain temperatures within all payloads at between 5 and 35 °C. The lower tempera-
ture is set by the need to maintain organisms safely above the freezing temperature to ensure that small fluctuations 
do not risk freezing. The upper temperature limit is set by the highest growth temperature of organisms and the need 
to prevent high-temperature thermal stress.

The total experimental and spacecraft power budgets yielded a power requirement of ~ 446 W during transit, ~ 294 W 
during lunar day operations (and up to 409 W during communications), and 328 W during lunar night operations (and 
up to 443 W during communications). These power requirements consider power required for data handling, the Cargo 
Platform Element (CPE) part of the EL3 architecture, and thermal control. The total power requirement for the scientific 
instruments was considered to be nominally a mean of 122 W for the duration of the mission (28 days).

Power on the lunar surface would be provided by 17.4 m2 of circumferential mounted solar panels with the possible 
requirement for a vertically deployed solar array of 6 m2. The architecture of solar panels required to provide sufficient 
power during surface operations was considered one area open to further design work. It was assumed that the solar 
array would suffer 5% degradation during the mission. The preference for solar power was based on the lack of the prac-
tical possibility of using radioisotope thermoelectric generators (RTGs) at the time of mission design, but also that the 
radiation from such systems might affect biological systems deleteriously by imparting another background source of 
radiation (or at least complicating the interpretation of data). If the RTG nuclear battery package can be suitably shielded, 
so that additional radiation dose to the biological payload is minimal, then there is no barrier to using such systems.

To allow for thermal control during transit and other power requirements, the mission would also be equipped with 
a 1,600 Wh Li-ion battery and a 129.7 kWh Regenerative Field Cell (RFC).

9 � Conclusion

If humans are to venture long-term onto the surface of the Moon, we must know much more about the response and 
adaptations of model organisms and biological systems to the lunar environment, especially the effects of lunar gravity, 
radiation environment, and regolith. Here we present a mission concept, BioMoon, for an integrated set of life sciences 
experiments for a robotic lunar lander. BioMoon investigates the effects of the lunar environment on systems from 
component biological molecules up to multi-trophic ecological systems. Taking a systems level approach and using the 
same analytical and data processing methods, BioMoon represents a fully integrated lunar biosciences mission concept 
producing valuable comparable data of biological systems under lunar conditions. Although conceived specifically 
within the framework of ESA’s EL3/Argonaut lunar architecture concept, the mission provides a template for a generic 
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biosciences payload for the Moon and a set of experiments that could even be deployed from a human-tended lunar 
station. This mission concept may provide a useful framework for the design of integrated biosciences payloads for future 
bioscience payloads to other locations in the Solar System.
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