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Future human space missions to Mars and beyond may be realized for different research, eco
nomic, political or survival reasons. Since space remains a hazardous environment for humans,
space exploration and exploitation requires the development and deployment of effective coun
termeasures. In this paper, we discuss prospects for human enhancement by gene editing, syn
thetic biology, or implants, for the purposes of future space missions. We argue that there are
good reasons to consider such options, and that ethical arguments can be made in favor of human
enhancement to enable long-term space exploration.
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1. Introduction
1.1. Advantages of human enhancements in space
There is a high likelihood that human space missions to the Moon, Mars and possibly beyond will become a reality within the next
century. Humans have good reasons to go to space, which include economic incentives, research programs, and opportunities for
building and establishing permanent space settlements. While some critics may argue against the concept of human space missions in
general and the idea of a space refuge in particular, many authors agree that in the long term colonizing new environments in space
either within or beyond our solar system may support the long-term future of humanity (Mason, 2021).
In this paper, we discuss the application of human enhancement and its potential role for enabling a future human presence in
space. The idea of human enhancement to better permit living and working in space is simple: because the space environment is
hazardous and humans are not adapted by evolution to live there, it makes sense to artificially increase human adaption to space by
biomedical means. However, the precise nature of enhancement, which may be more or less invasive, reversible or irreversible, and
heritable or non-heritable, requires very careful thought and might well be driven by scientific and ethical considerations on Earth.
Genetic engineering, particularly germ-line gene editing, is one of the most controversial forms of bioenhancement, at least on Earth.
However, there are good reasons to assume that in the context of space, there is a stronger rationale for human enhancement than in
the terrestrial context, in which case the ethical analysis should also differ. Our paper has several important ramifications for space
science and technology on the one hand, and bioethics and futures studies on the other. Most analyses of living off-Earth focus on the
required technologies or practical considerations; social and cultural implications have received less consideration. The emergent field
of “space ethics” (or “astrobioethics” or “astroethics” or “environmental ethics in space”; cf. Chon-Torres, 2018; Owe, 2019; Wanjet,
2020; Peters, 2002, 2013, 2019a, 2021) is developing rapidly, following the progress made in the last two decades in astrobiology and
space science, and also in molecular biology and biotechnology.
In our paper we do not consider arguments for or against various types of space missions, including the concept of space refuge, nor
do we analyse the superiority of humans over robots in space, or vice versa. We focus on the medical and biological risks that humans
may encounter in space, current and future protective measures, and related ethical and bioethical issues. Some of the proposals and
concepts considered can be seen in terms of a thought experiment today, and a plausible development for the future of our species in
space.
1.2. Should we use human enhancements for Mars settlements?
Humankind has always sought to extend itself. For much of our history, such developments came about through migration, trade,
and improved methods of communication. Over the course of time, such enhancements have increasingly relied on technology – such
as boats to carry us across the sea and the development of writing to make communication records more permanent. Usually, that kind
of enhancement is not considered to have ethical implications, but in the past century, enhancements have increasingly become
possible through the intersection of medicine and technology (e.g., many of us increasingly rely on spectacles, hearing aids, pace
makers, dialysis, and insulin injections). But even these technological enhancements were not necessarily ethically controversial until
humanity had the capacity to change our own genetic material. Thus far, genetic manipulation has been used solely for therapeutic
reasons (e.g., the treatment of certain immune disorders, a type of heart disease and a type of blindness), but gene therapy paves the
way for a whole new level of genetic modification which may include enhancement. To date, much of the literature on genetic
enhancement focuses on non-therapeutic applications for attractiveness, intelligence, sporting prowess and the like (Agar, 2014;
Savulescu, ter Meulen, & Kahane, 2011; Savulescu & Bostrom, 2011).
The public has been ambivalent about the use of genetic engineering in general, although support is slowly increasing (CGS Staff,
2018). Advocates of the technology were not helped by the fact that its initial uses seemed to suggest few immediate benefits of real
importance for humans (Reiss and Straughan, 1996) – for example, one early proposal was to enable Christmas trees to glow. A
relevant distinction can be made between somatic and germ-line genetic engineering. Somatic cells make up most of our body
(muscles, skin, nerves, bone, etc.) and are responsible for everything except producing our gamete, while germ-line cells are directly
responsible for producing our eggs and sperm. At present, most countries with the available technology do not allow germ-line gene
editing, though somatic gene editing is becoming increasingly widespread, whether for research or therapeutic purposes (Mason,
2021). If genetic engineering is to be used for Mars astronauts, it may be that germ-line genetic engineering will be needed. Any
long-term colony will need to exist for multiple generations, which means any single generation’s genetic manipulation would have to
be repeated on site. This is a theoretical assumption, but one that needs to be made for any concept of a self-sustaining extraterrestrial
colony that must be able to reproduce under conditions of altered gravity and increased exposure to cosmic radiation. It is not possible
at this time to be certain which human genes we might want to alter but we already know enough to have pinpointed genes for such
valuable features as radiation resistance, extra-strong bones, toleration of lower oxygen levels, enhanced memory and reduced inci
dence of a range of diseases and medical conditions including atherosclerosis and various cancers (Church, 2019; Pontin, 2018). It may
be argued that a new generation of ‘Martians’ receive preventive medicine rather than enhancement, since the purpose is to enable
survival in this harsh environment. If this argument is accepted, it weakens ethical objections to the use of genetic engineering to
facilitate human missions to Mars. However, such a strong justification – arguably the strongest possible justification, since the survival
of our species is ultimately at stake – does not remove the serious bioethical problem that lies at the beginning of this journey, namely
the possible necessity of human in vivo experimentation to effectively apply genetic modification procedures in a situation where
non-human animal testing may at some point prove inadequate.
2
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Previous analyses of ethical issues raised by genetic engineering have focused on two main areas: safety and moral acceptability
(Tachibana, 2019). As genetic engineering has been available for several decades, safety concerns, while still in existence, have abated
as predicted disasters have failed to materialize. This is not to minimize the importance of safety considerations but rather to conclude
that standard procedures for determining the efficacy and safety of any new technology should continue to be implemented. Moral
acceptability can be examined from two angles. First, is there anything intrinsic about genetic engineering that should prohibit it;
secondly, how do people feel about it? Intrinsic objections have mostly concentrated on issues to do with moving genes between
species (Reiss, 2000) but have abated somewhat given the increasing realization that such horizontal gene transfer happens in nature.
How people feel about genetic engineering is of central importance as people’s autonomy needs to be respected. However, this is more
an argument for practices such as the labelling of genetically engineered food than an argument in favor of forbidding the genetic
enhancement of space travelers.
It is difficult to predict where genetic enhancement of space travelers might lead. All of today’s humans belong to the one species,
Homo sapiens. But we can envisage a future where this is not the case – as predicted by H G Wells (1895) where humanity evolved over
some 800,000 years into the Eloi and the Morlocks. If genetic engineering really does result in individuals whose genetic constitution,
over time, is very different, it is possible that on the standard criteria used to characterize new species (interbreeding and morpho
logical similarity) astronauts and their descendants could eventually belong to a different species from Homo sapiens.1 It is also
possible, for instance, that astronauts heading to Mars might be given an additional chromosome, so that their ‘normal’ (diploid) cells
would have 48 chromosomes and their eggs or sperm 24. This additional chromosome would be a convenient way of hosting large
numbers of genes for additional human capacities – such as the ability to synthesize all essential amino acids rather than requiring a
particular diet containing them.
Even without artificial genetic manipulation, natural selection and drift could mean that, should Martian colonies survive for
generations, the individuals in such colonies will start to diverge genetically from their terrestrial counterparts since there will pre
sumably be strong selection pressure for variants better able to deal with high levels of radiation, low gravitational force and so on.2
1.3. Ethical challenges of various human enhancement applications for space missions
There is no doubt that genetic modification of humans living in space will open the field for multiple beneficial applications. It will
also instigate ethical debate and controversy, perhaps even greater than those discussed on Earth, and we will address some of these
areas in the following sections.
1.3.1. The potential impact of modifications designed for space missions on humans living on earth
This section will describe both the technology and the practice of modifying humans primarily for space exploration, but also the
possible impact and interaction of modified inhabitants of the space base or colony on the unmodified inhabitants of Earth. We see no
overriding ethical problem in either scenario. In the case of the first scenario, a modification carried out only for space missions thus
acquires a special moral justification. It is not seen as something trivial, or universally applicable, but as a procedure with a special
application, exclusively for the needs of an exceptionally demanding environment. For the second scenario, assuming that the sub
stantially modified inhabitants of the space colony, for example, would return to Earth and thus interact with the unmodified in
habitants of Earth, we see no ethical problems on the grounds that the modifications we are discussing, if they were to be applied at all,
involve only health-related functions such as prevention and treatment. Thus, we are not talking about the forms of enhancement often
discussed by philosophers in the form of somewhat unrealistic speculation who theorize on enhancing intelligence or morality.
1.3.2. Military use of human enhancement
The use of human modification technology for military purposes is a procedure, currently in practice. The same will likely apply to
possible human enhancement technologies applied for the purposes of space exploration. Military missions in the broad sense will
probably be a fairly routine form of political-economic missions. Astronaut-soldiers will be fully-fledged, and one of many participants
in space missions, alongside scientists or colonizers. Like others, they have every right to benefit from modification technologies aimed
at protecting health and life in space. The negative side of such applications may be the provision of a unique military advantage to one
state over others, but this is unfortunately inevitable as long as states are the primary decision makers, regulators, and financiers in the
combined space and biomedical industries.
1.3.3. The ethics of modification for reproduction in space
We assume that one possible future scenario is that only gene-editing interventions in human reproductive biology will enable
effective human adaptation to life in space. This is a hypothetical option for which the only alternative is to abandon the project
motivated by a morally conservative desire to avoid using an ethically controversial procedure. Thus, if we assume that only germ-cell
genetic modification or preimplantation genetic diagnosis or other procedures are able to produce healthy and adapted offspring in
space, this provides a strong justification in favor of using these procedures. However, its ultimate moral justification should depend on
1
Of course, there are various ways of defining species, so even colonists with very different genetic composition from their Earth counterparts
might still count as members of H. sapiens.
2
Genetic drift is the phenomenon whereby isolated small populations (humans or otherwise) gradually diverge genetically as random forces lead
to the disappearance of certain genetic variants in one population whereas in another population the same variants come to predominate.
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the justification for the mission itself. We assume that the more trivial the mission, the less justification there is for using morally
controversial biomedical procedures.
On the other hand, if we assume that humanity should colonize space in order to find refuge and to enable the continuation of its
own species, then, under certain conditions, the demand to modify future offspring in space may even become a moral obligation,
growing out of the knowledge we possess. But this is possible only under certain conditions, namely, when such a colony is necessary,
as well as when we know that the lack of modification would lead to the birth of diseased or deficient offspring and a significant
deterioration in their quality of life. Then we would be faced with an ethical situation where, by omission, we have brought worse or
even catastrophic living conditions upon future generations.
1.3.4. The ethics of designing children in space
All objections to the concept of child design currently being discussed can be applied to the space environment. However, this
environment potentially offers a strong rationale for such a modification, assuming that germline gene editing (GGE) is the only option
and that the projected effects of abandoning GGE are unequivocally worse on the quality of life of the child – and thus the entire space
colony population – than its use. We thus see the ethical rationale in favor of such modifications, provided they are indeed necessary
and safe. Thus, an ethic of concern for future humans, a desire to preserve intergenerational justice – so that future generations are not
called into existence under worse conditions than those currently living (assuming that earlier generations can realistically shape the
quality of life of future generations) – as well as consequence-maximizing principles like beneficence and non-maleficence may justify
the concept of designing children in space.
We see greater moral difficulties in the situation of re-adaptation to earthly conditions of persons born in space with a significant
modification applied – a scenario that meets the following conditions: (a) There is a colony in space, for example on Mars, where
reproduction is possible, (b) Humans (at least some part of the human population) continue to live on Earth, (c) Economically and
temporally reasonably comfortable transports between the space colony and Earth are possible, (d) Earth can still be seen as a
reasonably attractive or simply habitable place, e) Some or even all children born in space are subjected to significant genetic in
terventions during their embryonic life in order to adapt them to life in space, f) The applied changes are irreversible and make readaptation to the terrestrial environment impossible, which is morally unacceptable. There is no doubt that every human being
born in a future space colony should have the right to make the decision to return to Earth, and previous generations without their
knowledge and consent cannot establish irreversible obstacles to this. Another moral issue is the presence of temporary obstacles, but
genetic modification of an embryo could lead to the permanent exclusion of the possibility of returning to Earth.
These are important moral issues, also related to our responsibilities to future people and their rights. The concept of intergen
erational justice is also an important issue here, requiring that the living conditions of future generations be no worse than those of
earlier generations, and that important opportunities for future people to develop, act, and decide are not eliminated. Finally, there is
the issue of the ethics of quality of life. In this paper, we merely signal these important issues that should undoubtedly be taken into
account when considering the concept of long-term space exploration and the application of modification.
1.3.5. The ethics of adult modification versus the right to return to earth
Similar to the design of children in a space colony, the main moral issue regarding adult modifications for space exploration, while
meeting the criteria of indispensability and safety of such modifications, is the possibility of re-adaptation to Earth conditions. In a
situation where the individual is expected to return to Earth after completing a time-defined mission, or in a situation where the
individual has the option of remaining in the space colony but can express a desire to return to Earth at any time, no modification
should prevent or impede the individual from doing so. The alternatives then remain automated missions where possible, or aban
donment of the mission type. If the conditions listed in the section above are met, the right to re-adaptation, and the possible pre
vention of it by the modifications introduced, is a serious moral challenge. Perhaps it is even the type of obstacle that should preclude
the possibility of such missions until the difficulty of re-adaptation to earthly conditions is eliminated.
2. Types of human challenges and enhancements as potential solutions
2.1. New eyes and inner ears for Mars
There will continue to be skeptics concerning human space missions in general – independently of enhancement – and also those
with a conservative approach to human enhancement in general. But we still have strong reasons to assume that at least some en
hancements may be necessary, or at least desirable, for human missions to Mars. What body modifications, intentional changes or
artificial enhancements, would be most likely to help Mars explorers and settlers? This is a broad area for investigation and conjecture.
There are challenges arising from living in an enclosed artificial environment, as well as those from potentially toxic or abrasive soil
(Khan-Mayberry, James, Tyl & Lam, 2011, Liu & Taylor, 2011). We discuss here a few ideas for body modifications and enhancements
to address some of these hazards, limiting the discussion to techniques that are within the realm of current or foreseeable technology.
One of the most obvious and realistic body modifications has to do with the human balance system: the vestibular organs of the
inner ear and their interactions with other senses to maintain spatial orientation and compensatory reflex responses (Goldberg et al.,
2012). The role of the vestibular system in space exploration has been recognized since the dawn of the aerospace age. It has a central
role since one part of the vestibular apparatus is dedicated to measuring linear acceleration and gravity. When gravity is altered, there
are consequences: disorientation, nausea, ataxia, and motion sickness (Reschke, Bloomberg, Harm & Paloski, 1994). Travelers in space
and on planets with different gravity levels will be faced with challenges related to these factors. Most critical might be problems with
4
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manual-control tasks such as piloting, while reduced performance in general can result from the associated malaise. Vestibular
adaptation does occur, but body function can be dangerously deficient in the initial phases of the transition to a new gravity level.
However, Earth patients with some types of vestibular pathology face similar issues, and implantable vestibular prostheses are under
development which can replace some of the lost function (Golub et al., 2014). This is an area of current research, but certainly this type
of body enhancement seems feasible.
Extended spaceflight does not appear to have direct detrimental effects on the visual system (notwithstanding visual impairment
due to fluid shift as mentioned below). With reduced gravity, however, there is an increased risk of eye damage due to debris that floats
or is not drawn to the floor as rapidly as normal. A corneal implant or protective membrane might be useful in such a circumstance
(Scheuring et al., 2008). However, there might be an increased incidence of cataracts from radiation, which could be mitigated through
genetic intervention or artificial lens implants. More expansively, safety and performance might be improved if the visual system were
to be enhanced so as to respond to a wider range of wavelengths: infrared, ultraviolet, radio, microwave, and X-ray. This would allow
direct perception of things such as heat signatures, permit vision through darkness and dust storms, and provide visual indications of
high radiation areas. Specialized retinal implants (Bloch, Luo & da Cruz, 2019; Luo & Da Cruz, 2014), though still in the early stages of
development, might provide this capability.
For a variety of reasons associated with the multiple interacting stressors of space flight, the gut microbiome (fungus, bacteria, and
other intestinal microorganisms) can be altered (Siddiqui, Akbar & Khan, 2021; Voorhies & Lorenzi, 2016). This can cause widespread
disruptions because of interactions of the microbiome with many other body systems, including cognition (Gareau, 2014; Shreiner,
Kao & Young, 2015). Adding to the problem is the fact that in space there will be less regular turnover of the biome as normally results
from contact with a wide variety of other organisms. To remedy this, an implantable pump might be used to provide a regular infusion
of new microbiome components, similar in principle to probiotic supplements or fecal transplants (Turroni et al., 2020). While there
may be simpler ways to introduce such compounds into the body, a permanent pump could allow for administration of a wider variety
of substances, and permit constant monitoring and adjustment as needed in order to maintain physiological fitness.
2.2. Human challenges in space travel: microgravity, radiation, and isolation
The human species is not well adapted to live and work in space for long periods of time, which introduces many challenges for
human physical and psychological health, including the need to develop and deploy new medications for maladies unique to space
(Braddock, 2017). Although the benefits of a microgravity environment may provide unique opportunities for scientific advancement,
including drug discovery and development (Ryder & Braddock, 2020), the obstacles that will need to be overcome for a colony on the
Moon or Mars are daunting. Yet several potential options present themselves. The first proposes that colonization of new worlds, at
least in the first instance, will not involve humans and instead be fully automated (Campa, Szocik, & Braddock, 2019). It could well be
that the timeframe for adapting human astronauts to space is too long to allow for commercially viable asteroid mining and other
activities that might motivate the establishment of a colony, which shows that an ethical assessment of human enhancement in space
missions should take into account, at least to some extent, pragmatic parameters like time and cost-effectiveness. A second option
accepts that, in parallel with the development of automated technologies, the human judgement needed to manage and direct complex
operations (particularly in times of crisis) is an essential part of colonisation. In that case, genetic enhancement may have a key role to
play, by modifying human psychology to become better adapted to the space environment. Psychological modifications might even
allow colonists to manage their lives and productivity significantly better3 than on Earth. As such, psychological human enhancement
differs from behavioral molding and training. Critics of the latter option emphasize that teleoperations and telerobotics eliminate the
need for human presence in the field. They also point to the need to wait and believe in the leapfrogging development of AI, which may
replace the need for human cognition where it seems necessary today. We do not know this yet and probably we are not able to predict
it today.
There are three major challenges for human existence in space, even for periods as short as six months: (1) the physical and
psychological effects of exposure to radiation, (2) the effects of reduced gravity, (3) the demands of working in an isolated envi
ronment. Before we discuss the potential for human enhancement, we should recognize that humans already have an innate ability to
manage, adapt, and cope with extreme environments (Bartone et al., 2019; Illardo & Nielsen, 2018) and that astronauts go through a
careful selection process which will likely magnify these attributes.
First, the radiation encountered in space is of several kinds, but commonly referred to as particle nuclei of high energy and charge
(HZE) (Cucinotta and Durante, 2006, Guo et al., 2015). Radiation can induce carcinogenesis in several ways. It can cause direct DNA
damage and mutation, alter cell signaling (Barcellos-Hoff and Cucinotta, 2014), and increase the capacity of the immune system to
induce inflammation that causes cellular damage which leads to carcinogenesis. This process has been well-documented in patients
exposed to the atomic bomb in Hiroshima (Hayashi et al., 2012). Radiation can also directly damage DNA and transform normal cells
to cancer cells (Bielefeldt-Ohmann, Genik, Fallgren, Ullrich, & Weil, 2012, Rivina & Schiestl, 2013). The risk of significant visual
impairment from radiation cataract (Cucinotta et al., 2001) and changes to cognition and memory are also during mission concerns
(Tachibana, 2019).
Second, microgravity during space travel causes bone and muscle loss, which inadvertently affect the cardiovascular system
overall. Most of the interventions to tackle bone and muscle loss are through exercise and pharmacological intervention (Cavanagh,
3
That human existence in space might be immensely better than the one on Earth in terms of both quantity and quality of life was suggested by
many early space-age pioneers and visionaries, including Tsiolkovsky, Goddard, Buckminster Fuller, and O’Neill (e.g., O’Neill, 1977).
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Licata & Rice, 2005; Diao, Chen, Wei & Wang, 2018; Kast, Yu, Seubert, Wotring & Derendorf, 2017). In the zero gravity of deep space,
and on planets such as Mars where the gravity level is one third that on Earth, the reduced gravity might no longer provide sufficient
loading to maintain bone and muscle integrity, and optimal cardiovascular function (Hackney et al., 2015). There are also disturbances
attributable to the head-ward shift of body fluids (Lee, Mader, Gibson, Brunstetter & Tarver, 2018); this is of most concern in zero
gravity and will not be discussed further.
Third, isolation and confinement, especially as experienced by the first sets of explorers and settlers, will be dramatic; these have
not only direct psychological consequences (depression, anxiety, interpersonal conflict), but can also contribute to degradation in
physiological functions such as immunity and cardiovascular functioning (Palinkas, 2007).
2.3. Synthetic biology and genetic engineering solutions to radiation and microgravity challenges
The synthetic biology pioneer Craig Venter has already suggested, with some controversy, that NASA select astronauts based on
genetic strengths in regard to their resistance to hazardous factors in space and consider actively engineering the human genome to
maximize their suitability for these new environments (Gage, 2010). It may be far easier to “Marsaform” terrestrial life to fit Mars than
it is to “terraform Mars.”
Indeed, candidates for useful genetic enhancement have recently been described (Braddock, 2020). To manage the effects of ra
diation, a multi-disciplinary team led by the NASA Ames Research Centre has published a roadmap which includes proposed mech
anisms for conferring radiation resistance upon astronauts (Cortese et al., 2018). This team also outlined future research directions
which include gene therapy with genes known to confer radio-resistance on lower organisms, upregulation of endogenous DNA repair
and, outside of the theme of human enhancement, isotopic substitution of organic molecules as a further potential radio-protective
mechanism. To avoid the effects of low gravity on human physiology, NASA and many international partners have reviewed cur
rent and future research activities to determine the requirements for implementing artificial gravity on board exploration-class space
vehicles. Some molecular targets for human enhancement, such as genes known to play major roles in the development and main
tenance of hard tissue, have been reviewed (Author, 2020).
Despite early and appropriate concerns regarding the potential misuse of gene editing (Cyranoski, 2019), the potential for this
technology is considerable, especially in the context of corrective intervention where the benefits and risks can first be assessed in
terrestrial applications. Recently, it has been reported (Allegan & Editas Medicine press release, 2020; Clinical trials, 2020) that an
experimental medicine (AGN-151587 or EDIT-101), delivered via sub-retinal injection, is being tested in patients for the treatment of
Leber congenital amaurosis 10 (LCA10), an inherited form of blindness caused by mutations in the CEP290 gene. The phase 1/2 clinical
single ascending dose study will assess the safety, tolerability, and efficacy of AGN-151587 in approximately 18 patients with LCA10.
Today, this example serves to illustrate where future decisions may need to be taken. This case refers to testing and refining the
technology for an indication in patients on Earth for where the return exceeds the risk. However, in future space dwellers, the
proposition is different. In the first instance, gene editing is augmentative and not corrective, and secondly it will be performed on
healthy individuals, and the balance of risk needs to be considered as procedures would be performed well before the ability to test
whether the enhancement confers benefit.
The most promising gene-editing platform of our day is called CRISPR gene editing. CRISPR gene editing is the simplest yet most
versatile genetic engineering tool to-date. The original CRISPR/Cas9 editing system works by reprogramming bacterial defense
mechanisms against viruses to our advantage (Gouw, 2020). Scientists have been able to reorient this system to target any gene of
interest for editing, insertion, or deletion. CRISPR has been used to create more efficient agricultural plants, anti-malaria mosquitoes,
biofuel producing microorganisms, and dozens if not hundreds of other genetically modified organisms (GMOs) (Gouw, 2018). This
allows CRISPR to be used as therapy for thousands of human genetic diseases as well as for enhancement purposes (Tachibana, 2019).
Nevertheless, a cautious approach should be called for. A new and well-regarded study (Kosicki, Tomberg & Bradley, 2018) shows
that, far from being specific in its application, the CRISPR deletion technology, for example, often resolves into deletions found over
many thousands of bases. Crossover events and lesions distal to the cut site seem common as well. This genomic damage may also lead
to cancer and other pathogenic consequences.
While CRISPR provides internal biological modifications, 3D bioprinting (the application of 3D printing for biological substrates)
provides an external source of biological modifications and the role of tissue engineering and 3D bioprinting in space exploration has
recently been reviewed (Tachibana, 2019). In general, 3D bioprinters introduce new challenges due to the demands of printing live
cells, but we have been able to bioprint cells, tissues, and organs (Thayer, Martinez & Gatenholm, 2020) including tissues that will not
cause immune rejection (Alonzo, AnilKumar, Roman, Tasnim & Joddar, 2019; Crook & Tomaskovic-Crook, 2020).
When it comes to the problem of radiation exposure on, for example a mission to Mars or during deep space travel, one of the most
natural defenses against radiation may be hibernation or the induction of torpor as demonstrated in animal studies (Puspitasari et al.,
2021; Tinganelli et al., 2019). Hibernation is an ordered process of reduced metabolism (Cerri et al., 2016; Heldmaier, Ortmann &
Elvert, 2004). Since scientists are now beginning to understand the neuroendocrine as well as genetic mechanisms behind hibernation
(Dugbartey, Bouma, et al., 2015; Dugbartey, Talaei, et al., 2015); it may be possible to create an induced hibernation process where
synthetic torpor may provide an internal mechanism for radioprotection.
Another reason for caution comes from an alternative, non-medical approach to the radiation problem (Frazier, 2017). During the
trip to Mars, existing technology may prevent radiation damage from solar flares. The real danger comes from cosmic rays, which are
protons, helium and other particles travelling close to the speed of light. The radiation they produce when hitting the walls of the
spacecraft can, nonetheless, be stopped by the hydrogen in water and in plastics such as polyethylene. We may then protect the crew by
placing the spacecraft’s water supplies in polyethylene containers attached to the outer walls. In addition, NASA is developing
6
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hydrogenated boron nitride nanotubes (hydrogenated BNNTs), the ideal shield against radiation, both for spaceships but also for
dwellings and vehicles on Mars. Moreover, this material can be made into yarn that will clothe the explorers themselves. More pro
saically, NASA has also demonstrated the ability to use electrochemical methods to create “bricks” from the lunar or Martian regolith
(Savage, 2017), or even from dormant fungi (Tavares, 2020), which could readily provide a radiation-resistant shell for any habitat.
The success of these technologies would reduce the motivation for biological enhancements.
Another main concern regards bone loss due to microgravity. Several genetic factors involved in the process of bone loss and muscle
loss have been identified (Bao, Zheng & Wu, 2012; Li et al., 2005). This gives the possibility for CRISPR or other techniques to be used
to enable better bone and muscle regeneration (Carmeliet, Nys, Stockmans & Bouillon, 1998; Xix Congresso Nazionale S.I.C.O.O.P.
Societa’ Italiana Chirurghi Ortopedici Dell’Ospedalita’ Privata et al., 2019; Yuan et al., 2019). Since severe bone loss leads to fractures,
3D printing has been widely applied to help with treating fractures by printing exoskeleton systems to provide structural stability,
internal replacement with Titanium skeletal parts, and skeletal scaffolds for stem cells to regrow and mend the break (Maroulakos,
Kamperos, Tayebi, Halazonetis & Ren, 2019, Ou, Wang, Chang & Chen, 2020, Yang, Grottkau, He & Ye, 2017).
The synthetic biological forms of human enhancement that extend beyond genetic modification may include the development of 3D
bioprinting, prosthetic limbs and tissue-engineered organs, which could be accompanied by the production of an exoskeletal structure
(Awad et al., 2017). There is also progress in the generation of brain-computer interface communication systems in patients who are
either unable to have full movement (Hotson et al., 2016) or are unable to communicate after trauma (Chaudhary, Xia, Silvoni, Cohen
& Birmbauer, 2017) or as a consequence of degenerative disease (McCane et al., 2013). Very recently, remarkable progress has been
made in developing algorithms to transfer brain patterns into sentences in real-time speech with word error rates as low as 3 % (Makin,
Moses & Chang, 2020). Although the speech was limited to 30–50 sentences, this study represents a substantial improvement in
decoding neural activity. Some of these examples may be untestable as enhancements for healthy individuals on Earth and it is hard to
conceive how such enhancements could be considered in a new space colony even if justified. Nevertheless, the possibility exists for
studying and understanding the possibilities for human enhancement in individuals on Earth for which there is very little to lose with
respect to restoration of even partial patient quality of life. To ensure an objective assessment of risk, we will need to develop a strict set
of regulatory and ethical guidelines to reduce the potential for gratuitous self-enhancement (Gaspar, Rohide & Giger, 2019) and to
maximize the safe translation of terrestrial enhancements for the purpose of colonization of other bodies in the solar system.
Again, as with the issue of radiation, we may wish to ponder a different technological approach to the problem of reduced gravity.
Non-medical solutions have been discussed for over a century (O’Neill, 1977, Tsiolkovsky, 1911) in scientific and popular writings:
artificial gravity created by rotating structures. Consider a spaceship in which the different components (rocket, supply compartment,
and human compartment) instead of being stacked up (with the rocket in the bottom) are assembled side by side. The rocket would be
in the middle and the other two compartments connected to the rocket by a cable or thin structure, at least 200 m apart from each
other, and made to rotate. Astronauts, inside their compartment as it rotates, are subjected to acceleration comparable to Earth’s. Of
course, this may only provide a partial solution to the problem, for we would still need to determine how the lower gravitational
attraction of Mars may adversely affect human physiology. If it does so, biological enhancements may offer a variety of solutions.
2.4. Making Homo sapiens Homo galacticus
There has begun a discussion of how humans might be modified by the likely near-term establishment of lunar and Martian col
onies. Indeed, one very recent discussion addresses this concept (Starr, 2020). We may use this “Homo galacticus” definition of future
humans modified to fit their environment. Visionary people already understand that humans will be modified by their new envi
ronments. For example, as we discussed above, settlements on both the Moon and Mars will be subject to high radiation environments.
Over many generations selective genetic pressure would result in higher radiation resistance. On Mars, settlers will also be subjected to
high levels of perchlorates which are particularly toxic to early development in humans as perchlorate inhibits thyroid function key in
early growth (Niziński, Błażewicz, Kończyk & Michalski, 2020). Perchlorate on Mars composes roughly 0.5 % of the Martian regolith, a
million times more than in most terrestrial environments. Standard remediation techniques will not be effective in removing this much
toxic material for human settlement (Davila, Willson, Coates & McKay, 2013). Some terrestrial micro-organisms have evolved genes
capable of mitigating perchlorates (Lamprecht-Grandío et al., 2020). With further research and development, it might be possible to
add these mitigating genes to higher organisms including humans. Such modifications would make possible survival in
high-perchlorate environments such as Mars in combination with more conventional mitigation approaches.
However, there are good reasons to assume that even the most substantial and invasive ways of biomedical enhancement may be far
from enough to provide safe and effective interstellar travels for humans. The only way we can imagine is to provide tailored genomes
and then only sending a small “boot-up” payload to the new star system. It is worth keeping in mind that long-term perspective, and to
evaluate reasonable prospects for the future. There are a number of significant threats to life on earth, and even in the solar system that
would justify establishing human settlements on nearby stars. In 2017 Stephen Hawking made a video presentation in Beijing where he
postulated that human population expansion and increased energy usage could make the earth uninhabitable in 600 years. He pro
posed interstellar expansion as a solution (Cooper, 2017). Conversely, possible solar superflares could do the same (Karoff et al., 2016).
One of our biggest challenges with expanding into the solar system is the requirement to physically transport people and other
organisms (plants and animals) needed to set up a viable colony. Craig Venter suggests “faxing” just the genome and recreating the
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organism with a 3-D genetic printer (David, 2014).4 Once we have established a small outpost on another world such as Mars and
established a working in-situ-resource-utilization system this may well be the way most things are transferred, including life – not by
physical transfer but electronic.
In 2018 and 2019, Breakthrough Initiatives held a series of seminars and discussions on how life might be transferred at interstellar
distances (Breakthrough Initiatives, 2019).5 One of the most intriguing ideas is that life here could have been planted by an alien entity
billions of years ago. This is called “Directed Panspermia” and was proposed by Nobel Laureate and DNA co-discoverer Francis Crick
and Leslie Orgel, a chemist, in 1973 (Crick & Orgel, 1973). In December 2018 at one of these conferences, noted Harvard geneticist
George Church suggested we will soon have the capability of those, probably purely hypothetical aliens. Concepts such as Break
through Starshot should later in the century give us the ability to directly access nearby star systems (Starshot, 2021). Other tech
nologies, such as fusion propulsion that now appears more feasible in the future6 could enable us, possibly within a century, to place a
small research station on an alien world light years away that could receive tailored genetic information to enable us to “boot-up” a
new Earth tailored for that environment. Once established, information could be sent from Earth at the speed of light – including
perhaps the entire information content of a human brain – to begin our interstellar expansion.
To be sure there are significant ethics issues with these scenarios. It’s essential that we consider the key philosophical issues to go
hand-in-hand with the technology development. For example, if we try to remotely settle an alien world light years away, what do we
do with any life that’s already there – or could we even recognize it? While these topics are already discussed in space ethics and SETI
and METI literature (Author, 2016; 2019, Brin, 2019; Cockell, 2016; Haramia & DeMarines, 2019; Traphagan, 2019; Wilks, 2016), it is
likely that far-future human missions, which will go beyond the Solar System, will increase our chances for contact with other forms of
life including possibly an extraterrestrial intelligent life. The concept of “Homo galacticus” also offers some fairly obvious advantages
when adopting a distant time frame directed at the survival of the human species at any cost and in any form.
3. Social assessments of human enhancements
One of the main threats caused by human enhancements, from a public viewpoint, is associated with their mixed legacy of benefits
and hazards. The same human enhancement technology aimed at benefits for humans may also be used and result in dangerous side
effects. Such side effects may include, in the case of genetic editing, unintended on-target and off-target effects, but also possible longterm social and economic consequences such as social inequality (Peters, 2002, 2019a).
Our view is that society should have a right to require from policy makers the means to be involved in future policy regarding
human enhancements, in order to make them context-sensitive and responsive to both human and environmental concerns. Therefore,
societies should develop cogent rationales for using human enhancement. Humans have a rightful expectation of progress, fairness,
and appropriate care in medical treatment, which will make human lives longer and healthier. This social expectation is guided partly
by the medical directive to “cause no harm” and minimize negative side effects. While human enhancement technologies theoretically
offer benefits such as saving time, in some cases they may be the only available solution, especially for space missions. There are still
too many risks and ethical considerations involved to accept human enhancement technologies without an informed societal and social
debate. Human enhancements for space exploration have a greater chance of being socially accepted if there are honest and organized
efforts to minimize risk to space crew.
4. Conclusions
As we have shown in this and other papers (Szocik et al., 2020), discussion of the future of humanity in space, including missions to
Mars and elsewhere, evokes long-term ethical challenges which go far beyond current medical and technological debates. One such
challenge is the idea of human enhancement for space. It is worth mentioning that the time needed to develop the science can be very
long-term since space programs take decades to develop. The idea of human enhancement, as well as human space missions in general,
has both advocates and opponents and we argue that human enhancement may be inseparably connected with a future human
presence in space. This means that every mission planner should consider an enhancement strategy. Some ethical considerations are
relevant for issues discussed on Earth, but differ markedly when applied to the context of space missions. We hope that our paper will
help inspire debate on crucial questions such as: Is human enhancement justified for purposes of future human space missions? Should
we enhance future astronauts to make them better adapted to the challenging space environment? If effective space missions require
human enhancement, should we realize such a mission? All these possibilities for human-enhancement technologies raise the question:
is it worthwhile going to such lengths for people to settle other planets (Gibson, 2006)? This is a discussion that should take place
among various sectors of the spaceflight community, and society and governments more generally. While these and other ethical
questions are often addressed by personal moral intuitions, we have attempted to outline more objective ethical principles as well.
4

See also (Gibson, Hutchison, Smith & Venter, 2018; Venter, 2016).
For more on the specifics, challenges and opportunities regarding interstellar missions, see for example (Millis, Greason & Stevenson, 2018).
6
As for interstellar transport with light-sails stopping at the other end there are serious efforts underway. Rene Heller and Michael Hippke
published a paper in 2017 detailing how this can be done using existing technology and the destination star’s light (Heller & Hippke, 2017). There
are well-funded efforts underway to develop both light-sail concepts and other concepts including high-Isp fusion engines to enable humans to travel
inter-stellar distances (https://www.helicityspace.com/). Many are being funded by the US Government. This author is a member of the board of a
major privately-funded effort by the Limitless Space Institute in Houston, Texas (https://www.limitlessspace.org/).
5
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There is an emerging wave of activity in the field (though as yet it lacks a standard label), which may one day develop into a truly
enlightened vision of the cosmic future of humanity.
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