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ABSTRACT

Scientists from around the world are studying the effects of microgravity and cosmic radiation via
the "off-Earth" International Space Station (ISS) Laboratory platform. The ISS has helped
scientists discover discoveries that go beyond the basic understanding of Earth. Over 300 medical
experiments have been performed to date with the goal of extending the knowledge gained for the
benefit of humanity. This paper gives an overview of these numerous space medical findings,
critically identifies challenges and gaps, and puts the achievements into perspective towards long-
term space traveling and also adding benefits to our home planet. The medical contents are trifold
structured, starting with the wellbeing of space travelers (astronaut health studies) and medical
formulation research under space conditions, and then ceasing with the blueprint of space
pharmaceutical manufacturing. The review covers essential elements of our Earth pharmaceutical
research such as drug discovery, drug and formulation stability, drug-organ interaction, drug
disintegration/bioavailability/pharmacokinetics, pathogen virulence, genome mutation, and
body’s resistance. The information compiles clinical, medicinal, biology and chemistry research

as well as fundamentals and practical applications.
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With the development in advanced materials and technology, space exploration has now become
more feasible than it has ever been before. With that motivation, scientists are pushing all
boundaries of technology and science limitations to explore space. Yet, many aspects of space

discoveries remain hidden and are waiting to be revealed.

Our vista to space has changed. Space is not anymore, the empty starry sky it might have been in
the fifties of the last century. It offers unique opportunities for mankind and has opened a space
economy. Space provides a Vantage Point (communication, global positioning system, space data
collection), harbors Space Resources, offers an ideal physical environment through Microgravity,
and is possibly part of the Human Destination (see Figure 1). The latter two are relevant for this
review article, and are seen as part of the ‘new space economy’ as compared to the old space

economy with its satellites, rockets, propulsion fuels, etc.

Figure 1 Usage domains (present, future) of space investigations, with economic potential.

This review will report on the pivotal problems to be solved in all kinds of space ‘Grand
Challenges’, which is a broader and easier way for humans to access space while being able to
conduct experiments as comfortably as they do on Earth. Here is where the problem sits: space has
been known to be the harshest environment that people have experienced, as evidenced by factors
such as extreme heating-cooling cycles, vacuum, cosmic radiation, and microgravity !. There are
many physiological adaptations and changes that occur to human body during space flights,
including fluid shifts 2, cardiovascular deconditioning 3, muscle and bone loss, immune system
dysregulation, and gastrointestinal and metabolic disturbances % °. Space is not the environment

that humans are comfortable with; one could say it is hostile 6. While there are means to shield



from temperature and vacuum, space radiation is the first fundamental property of space being
hostile for astronauts 7 8, Humans exposed to space radiation can have an increased risk of
developing chronic health diseases, tissue degradation, and acute radiation syndrome. Because of
these, meticulous space mission planning, mission timeline, and radiation protection methods are

required for space exploration %.

The second hostile property of space for humans which is microgravity. Since the human body is
designed to live and function in the Earth’s vertical gravity force (1Gz), prolonged exposure to
weightlessness alters the functional capacity of the body systems and the materials that humans

rely on, including medications °.

The third and last challenge to humans in space journeys is their isolation '° and an altered way of
living, for example, not following the normal day/night cycle, courses of food uptake, balance
between working and privacy, and so on. Humans have emotions and social needs, which requires
the needs for creating an environment that humans feel comfortable in. In this concern, studies

have shown an increased the likelihood of disease predisposition for humans in Earth remote areas
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such as submarines ' and Antarctica stations 2 via research on probability per crewmember,
number of illnesses, and frequency of medicine intake. Additionally, data from the space shuttle
show that those threats are intensified 3. This threat holds even more on the ISS, because of the
prolonged exposure to the ‘space hostile environment’. The use of medicines, the most common
intervention in healthcare, has been practiced in preventing, treating, or managing many illnesses
or conditions. And as the matter of fact, medicines are used by 21-55% of all ISS crewmembers
3. Typical space adaptation symptoms has been reported includes loss of sleep, body pain,

congestion/allergy, skin rash, headache, and more .

The good news about these threats is that we have an advanced space laboratory that allows us to
make all kinds of testing on human health under real space conditions, to bring the average human
safely into space. The International Space Station (ISS) has facilitated many scientific
achievements in the past 20 years, including foremost medicinal studies. Thousands of
experiments have been conducted on ISS; more than 300 of which are in health science '°. In this
way, space researchers from space agencies, private companies, and universities are provided with

the unique opportunity to access the testing facilities on the ISS National Laboratory 6. The ISS



allows us to investigate space adaptation syndrome and to analyze the efficacy of medicines

(pharmacokinetics/pharmacodynamics) in space.

This review will report on how the unique settings of the ISS experiments are propelled by the
usage of most modern disruptive technologies for medicinal investigations such as advanced
microfluidics, tissue engineering, and nanoformulations. For instance, by combining 3-
dimensional (3D) printing technology and advanced microfluidics, researchers are now able to
fabricate micro-physiological systems (MPS) or organ-on-chips to send to space > 7. Research
with these systems is also more ethical and sustainable, as it shifts from animal-based to cell-based
investigations. Sustainability is a paramount prerequisite of any kind of space research and

manufacturing.

Space medicine has become an essential part of human space exploration 3. Space medicine has

been regularly used to improve the health state of all crew members '°.

As mentioned earlier, the two-prime space ‘hostile sources’ in space, being microgravity and
radiation, do not only impact humans; but also impact all kinds of organic matter such as plants,
food, and medicines. As a matter of fact, drugs decompose faster and perhaps differently in space
compared to Earth 2°. Plants are impacted by all kinds of space radiation (alpha, beta, gamma,
ultraviolet (UV)), especially when their doses are high. Studies have shown significant changes in
drug pharmacokinetics in humans during space flights 2! 22; however, the essential data is limited
and insufficient to conclude. Many causes could make up for the changes in drugs efficacy, such
as altered disintegration/dissolution and absorption through cell membranes. Other factors include
convection-absence and density-irrelevant gastrointestinal digestion, circulatory blood flow, and
drug-target (antibody) complexation. Up to this date, the current knowledge on spaceflight-

induced drug efficacy is still vague 2°.

This review aims to illustrate and critically review the current state of the art of space life sciences
research. This involves providing ISS research highlights and additionally pinpointing the
difficulties associated with space research. The review is divided into three parts: the space effects
on the traveler’s wellbeing (astronaut health), the effects on the medicinal formulations and their

drugs, and the visionary concept of space pharmaceutical manufacturing (see Figure 2).
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Figure 2 Trifold structure of this review — from human health (disease) — medicine efficacy
(healing) to medication supply (manufacturing); all in space.

SPACE EFFECTS ON TRAVELLERS’ WELLBEING. Long exposures to

weightlessness and space radiation can cause some deleterious effects on human health (see Figure
3). The extreme environment induces a myriad of physiological reactions and adaptations®*. For
example, microgravity-induced weightlessness experienced by space travellers fuels physiological
change across the cardiovascular system, where hydrostatic forces exerted on the heart and blood
vessels is increased. This leads to structural changes in the heart, potential changes to the pumping
action, and fluid redistribution of the blood and interstitial fluid centrally as opposed to the wider
extremities of the body?’. Furthermore, astronauts often suffer discomfort from these changes and
develop symptoms such as Space Adaptation Syndrome (SAS) 2° which impacts 70% of astronauts
27, Consequently, many studies on the human and biological impacts of space flight have been
conducted on ISS and prior on the Space Shuttle or other spacecraft. This includes a study on the
shift of fluids inside the human body, resulting in swelling °, distorted vision 2%, and loss in taste
and smell ?°. The deconditioning of some physiological systems results, e.g., in musculoskeletal
atrophy % and dysregulation in human innate and adaptive immune systems 3!. To elaborate, in
the absence of countermeasures, bone mineral density decrease is estimated to be 1%-1.5% and
1% per month respectively 2. Even changes in the human genome have been reported 2. These

problems do not act stand-alone but rather interact in an integrated human response, which may

significantly damage space traveller health.



Such studies help scientists develop a mapping of systematic and physiological health risks of pre,
during, and post space flight. By doing this, the health risk of space travellers can be characterised
and protected by reducing risks even after completing long-term space missions 3. A holistic

healthcare provision for sustained human presence in space exploration is needed.
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Figure 3 Effect of long-duration space travels onto human wellbeing.

Health risk coming from space dust. As part of the extraterrestrial exploration, astronauts
will be exposed to particles of planetary and interstellar dust. Astronauts reported having hay fever-
like symptoms when exposed to space dust during the Apollo missions. There is evidence the
exposure is hazardous and needs to be accounted for the risk to human health 3*. These claims are
supported by the study of ** wherein mice, prolonged exposure to Mars and lunar dust simulants
lead to chronic inflammatory changes in the lungs. This is further corroborated by 3¢ indicates that

lunar soil simulants cause cytotoxicity as well as genotoxicity on neuronal and lung-derived cells.

Genetic space health disorder in space. Radiation threat in space for humans. Cosmic

radiation affects the health of astronauts and can cause genetic disorders 7> 8. Humans exposed to
space radiation have an increased risk of chronic health diseases, tissue degradation, and acute
radiation syndrome 8. With the current technology, astronaut trips are relatively safe for short-

duration space missions. As far as future space travels are concerned, more countermeasures in



radiation protection methods will be necessary, for instance, for a mission to Mars far from the

shielding of Earth's magnetic field *’.

Genetic damage study of astronaut twins on Earth and in space. Researchers can examine both

genetic and environmental influences through twin studies, which provide important information
on health and psychology *. The study of identical twins allows researchers to identify the genetic
and environmental factors contributing to a particular trait 3. Prior to the National Aeronautics
and Space Administration (NASA) twin study, it is difficult to integrate the effects of the
environment on human performance and health on previous space travellers due to the paucity of
data 32, Through the twin study, NASA was able to continuously measure human biological “cues”
to the hostile environment for up to a mission year. This reveals the vulnerability of humans in

space travel and suggests countermeasures to extend human exploration into deep space *.

A twin study was conducted in which one twin brother was an astronaut, who spent a year in space
and the other twin brother stayed on Earth 32, The astronaut twin Scott Kelly was monitored before,
during, and after a 1-year (total 25 months) mission onboard the ISS, while his twin, retired
astronaut Mark Kelly, who genetically matches the astronaut, and monitoring has been done to
compare as a “ground control experiment”. Ten research teams grouped together to observe the

physiological, molecular, and cognitive changes that resulted from spaceflight.

The assessments aimed to disclose spaceflight-specific changes, such as body mass loss, telomere
elongation, genome instability, carotid artery distension, ocular structure alteration, transcriptional
and metabolic changes, cognitive decline postflight, and more. In particular, the genetic
assessment of the space-traveling twin astronaut Scott Kelly revealed the dynamic changes in
telomeres length expressed in CD4, CD8 and lymphocyte depleted cells during and post-flight.
Telomeres are special features at the ends of each strand of DNA that protect the chromosomes.
The finding of short telomeres points at an accelerated aging syndrome, which is normally
considered to be due to inheritable gene mutations. However, these changes returned to near pre-

flight levels within 6 months after return to Earth 3.

Immunogenetic health disorder in space. Microbial analysis of pathogen infection. 1t is

inevitable that astronauts are exposed to microbes during their mission, as it occurs on Earth every

day and everywhere. Yet, the problem might be escalated by the fact that microgravity causes



dysregulation in the immune system 3!, and that the immune response might be weakened in space.
Therefore, pathogen studies are required to understand the cause and potential risk of microbial
exposure during space flight. A fast and accurate microbial is essential to human health because it
provides vital information regarding a disease's cause, enabling the patient to receive effective
treatment based on the exact cause, thereby improving the outcome of patients 3°, especially when
they live in remote areas, e.g. ISS. In this field, a series of NASA-supported pathological studies,
known as Biomolecule Sequencer and Genes in Space, has been conducted *°. These studies
provide real-time analysis, inform real-time decisions and remediation strategies during a space
mission by using colorimetric loop-mediated isothermal amplification or rDNA nanopore
sequencing (see Figure 4). These experiments help to promote the health and safety in space
traveling, particularly in view of the diversity of the new space environments, ranging from the

ISS cabin to extraterrestrial land e.g., on the moon or Mars #!-42,

(A) ? . MCS 2 5," kb (©)

sl ] e ————— (E) PUCI _ pSPACETELO
pA A o DN voymerase 1 2 3 456 78
Extemal - JP74 primer Jp—————$1233 - C) () @,@

28k /I- -

. . -~ 0 %
|5
KluJP?ym}HJPOﬂ \1/

Extemal - JP74 primer| }—45|23:;- ime =" =

0
PSPACETELO|}

Before LAMP

® o5 T el

Ground

Amplification

@aﬁ_. .

30 mins, 65C  Vis allu calov

After LAMP

ISS

LAMP Reaction
Telomerk target e -,

e
]W. |

-......,.-

Swand dupacemant ?E
mm = \

Lr-r = ?@g:/ ?2;‘

Ean-nlhl DNA amplification L]

Figure 4 Pathogen studies to monitor microbial exposure: nucleic acid detection aboard
the International Space Station by colorimetric loop-mediated isothermal
amplification “Reproduced from *2. Copyright 2020 Wiley-VCH”.

Immunogenic response as the first line of defense. Beside the effort to identify the threat of viral

infection by pathogens, one needs to assure the human immune response is strong enough to
prevent the hostile attack of those pathogenic microbes. In this sense, studies have been made to
show a possible dysregulation in the human innate and adaptive immune system during space flight
31, The innate immune system is the body's first line of defense against germs entering the body.

For such reason, the National Institute of Health (NIH) and the ISS U.S National Laboratory have



collaborated to perform three studies addressing the effect of microgravity on the immune response

as follows.

Immunogenic response for aging. As we plan for longer-lasting human exposure in space, the

impact of aging in space on the dysregulation of the immune system needs to be determined. Tissue
regeneration is the key parameter to be investigated. With that motivation, the aging effects and
corresponding changes in the immune system were studied by investigating late-differentiate in
CD8+ T cells under microgravity. The focus was on the effects of bone-healing and vascular-
regeneration for generative-specific stem cells, which is considered as the aging factor. In a
translational way, the research provides insight into reducing the pro-inflammatory effect of
elderly individuals on Earth (Schrepfer. IUG3TR002192-01). In-flight results are yet to be
published.

Immunogenic response for a lung infection. The human immune response to a viral infection is

complex. A clinical study investigated the immune response of lung cells to a Pseudomonas
aeruginosa bacterial infection using MPS. The innate immune system response of lung-bone-

marrow cell tissue was studied under microgravity (Worthen, 1UG3TR002198-01). In-flight

results are yet to be published.

Immunogenic response for post-traumatic injury recovery. Injuries are another cause asking for a

human immune response. As an example, post-traumatic osteoarthritis (PTOA) using cartilage-
bone-synovium MPS was studied. The research aimed to investigate the potential of an
osteoarthritis drug to give a therapeutic effect on inflammatory cytokines and suppress the
degradation of cartilage. This will facilitate to development of a therapeutic strategy for the
inflammatory response to PTOA pathology. In the long run, the research may help solve the
problem of chronic pain of osteoarthritis for humans on Earth and long-term space flights

(Grodzinsky, ITUG3TR002186-01). In-flight results are yet to be published.

Immunogenic response for typhoid fever infection, taken as the monitor for the general strength of

the human immune system. Crew health needs to be defended against virulence-enhancing effects

of microbes in space flight and can guide antimicrobial strategies on Earth 4. In this context,
microbiology studies help to develop countermeasures against microscopic pathogenic organisms.

In one study, the bacterial pathogen Salmonella typhimurium was grown aboard Space Shuttle and



compared with identical ground control cultures. These bacterial causes typhoid fever in mice and
its variants are considering as serious human pathogens. Mice infected with bacteria from the flight
cultures displayed a decreased time to death increased percent mortality at each infection dosage,
and a decreased LD50 value compared with those infected with ground controls. The space flight
environment could provide insights into the mechanistic role in the regulation of microbial
responses, in particular, concerning the role of Hfq as a conserved bacterial RNA-binding protein

with complex roles in post-transcriptional gene regulation #4.

The T-cells repertoires are surface proteins expressed exclusively by T cells, which are white blood
cells and essential parts of the human immune system #. The T cell’s repertoires function to
recognize potential pathogens. Samples from spaceflight and ground control were analyzed before
and within 10 days after trivalent flu immunization. The samples were taken at three-time points:
pre-flight, flight, post-flight. CD4 and CD8 T cells were analyzed from frozen peripheral blood
mononuclear cells from the ISS. The ratio of CD4 cells to CDS8 cells is a measure of how strong
one’s immune system is and helps in predicting the sensitivity to infection. A lack of CD4 cells
typically causes more affinity for infections. No significant differences in the percentage of unique
CD4 or CD8 T cell receptor sequences (vaccination-responsive clones) were found. Thus, this
suggests that vaccination in space and on Earth occurs similarly, at least within the experimental

settings of the vaccination response experiment considered 32,

Organ-function disorder in space. Microphysiological systems — the in-vitro equivalent to the

human organs and body. Microphysiological systems (MPS) are also known as organs-on-a-chip

technology and are a microfabricated platform technology designed to regain functional units of
human organs in vitro. They provide realistic mock-up studies of the human body functioning via
in-vitro tissue and organ models. They are particularly powerful when combined with organoids,
which represents miniaturized organs with a three-dimensional structure and multiple cell layers.
Organ anatomic microstructure and basic organ functions are better maintained by this
representation than any two-dimensional analogs. Studies with organoids embedded into an MPS

can thus mirror the in-vivo microenvironment (see Figure 5) 7.
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Figure 5 Organ on chips and their ISS studies.

Compared to the conventional 3D extracellular matrix, the MPS can reveal how medicines and
nutrients interact with targeted cells in microgravity. These interactions provide information on
drug efficacy and toxicity levels '7- 46, With the MPS, researchers can address health conditions
experienced by astronauts, including musculoskeletal deconditioning, kidney stones, or fluid
shifts. Furthermore, stem cells taken from space travelers can be used to create a unique MPS,

facilitating personalized treatment for the individual.

This section aims to summarize current and recent organ-on-chip experiments on the ISS platform.
Yet, our knowledge is limited here. The inflight results of many studies have yet to be published,
and there is a lack of both technical and procedural validation of experiments to guarantee
reproducibility and recapitulation of results. Still, there is a common belief about the large potential
MPS systems have to model human physiology diseases in vitro. Relevant experiments are

summarized in the following table.

Table 1 MPS research summary

Function organ Cell type Maturity Reference
Immun Late-differentiated CD8+ T cells | Matur Schrepfer.
une ate-ditierentiate cets %€ | 1UG3TR002192-01




Worthen,

Lung epithelial cells. Mature 1UG3TR002198-01

Primary proximal tubule epithelial

cells (PTECs) Mature

Himmelfarb,
Musculoskeletal | Distal tubule epithelial cell model | Mature 3UH3TR002178-04S1

. Malany,
Human primary muscle cells Mature SUHZTRO02598-05
hiPSC-derived cardiomyocytes Pre- Wu, 2UH3TR002588-
mature 03
Cardiovascular :
hiPSC-derived cardiomyocytes Pre- Kim, SUH3TRO03519-
mature 05
Blood-brain Microvascular brain endothelial Matur Hinojosa,
barrier cells %€ | SUH3TR002188-04
Colonic epithelial cell Matur Hinojosa,
Olome epithetial celis %€ | 1UG3TR002595-01
Gut
Lamina propria derived resident Hinojosa,
i Mature
immune cells 1UG3TR002595-01

MPS testing of musculoskeletal functions in space. The absence of Earth’s gravity in space

decreases the vertical loading on the musculoskeletal system. Astronauts experience decreased
loading on the weight-bearing bones after long spaceflights. This causes resorption of calcium into
the blood. This would lead to higher concentrations of calcium in the urinary tract which may
cause kidney stones . Furthermore, the bones and muscles undergo deleterious adaptations, which
leads to conditions such as spaceflight-induced osteopenia and muscular atrophy. These
adaptations put the astronaut at risk of weakness and injury upon return to a gravity field 3.

Rigorous exercise can mitigate these problems to some extent °.

To this end, an MPS was manufactured using proximal tubule epithelial cells to imitate the altered
physiological functions of the kidney in microgravity, including ion transport and vitamin D
bioactivation. The MPS study included also the simulation of the formation of kidney stones by
growing oxalate microcrystals. This can provide insight into the mechanisms of stone formation

in patients on Earth (Himmelfarb, 3UH3TR002178-04S1). In-flight results are yet to be published.

But the kidney MPS system has been implemented in the study about CYP3PS5, an enzyme



expressed contributes to renal disorder #°. In this study, the MPS was used to gauge the safety of
antisense oligonucleotides treatments onto proximal tubule epithelial cells. Results suggest that
both neutral phosphorodiamidate morpholino oligomers and (-) charge phosphorothioate
oligomers for human papillomavirus treatments are well tolerated in the MPS when dosed at 1 uM

for 5 days #°.

MPS testing of muscle atrophy (loss of muscle tissue) in space. Research on microgravity-related
muscle atrophy on human specimens has been made in recent years. Human myocyte samples
from healthy volunteers under 40 and over 60 years were taken to investigate the effect of
microgravity on cells or tissues in real-time. The muscle contraction is stimulated by tiny
electrodes integrated into the MPS to simulate a muscle and a microscopic camera is taken to

capture real-time images and data of such simulation (Malany, SUH3TR002598-05).

MPS testing of cardiac functions in space. Without the influence of Earth’s gravity, the fluids in

the human body shift upwards towards the chest and head. The upwards shift of body fluids
increases the pressure on the organs in these areas. As a result, space travelers are exposed to a
greater risk of developing conditions such as spaceflight-associated cardiovascular diseases.
Cardiac MPS chips are being developed to study the effects of microgravity on cardiac tissue.
These studies aim to provide an understanding of the progression of cardiovascular disease in vitro
in short- and long-term space missions; with an overview given in (Wu, 4UH3TR002588-03)
(Kim, SUH3TR003519-05). In this context, an MPS chip was developed to identify, monitor, and

screen the prevention of phenotypic changes in microgravity, resembling ischemic

cardiomyopathy (Wu, 4UH3TR002588-03). Another study investigated therapeutic strategies to

provide insight into the progression of chronic heart disease on Earth (Kim, SUH3TR003519-05).

In-flight results are yet to be published.

MPS testing neuron functions in_space. In humans, organs are protected from chemicals or

pathogens using barriers such as the skin, gut wall, or blood-brain barrier >. The integrity of
epithelial cell layers is critical for the organs’ immune response against harmful influences *°. MPS
studies in this field help to study the mechanism of neurodegenerative diseases like Alzheimer’s

disease, Parkinson’s disease, or viral infections (Hinojosa, SUH3TR002188-04) (Hinojosa,

1UG3TR002595-01). In this context, Emulate, Inc., a provider for advanced in-vitro models, used




MPS technology to create two sets of organ-on-chip systems simulating the epithelial mucosa of
the gut and the blood-brain barrier. The MPS samples were closely monitored and assessed to
provide insight on the effects of the space environment travel stressor and bacteria on the function
of the targeted organs in microgravity. Although the in-flight results are yet to be published, Earth-
based research of the similar blood-brain barrier chip has given key aspects on mechanisms of

endothelial dysfunctions and Parkinson’s disease >'.

SPACE EFFECTS ON MEDICINES AND THEIR FORMULATION. The above

reporting makes it clear that diseases, which are a regular part of life on Earth, are unavoidable
and likely intensified in space. Accordingly, astronauts need to have a well-stocked kit for
medicine during their journeys in space, properly on a standard even better than on Earth. A
number of space medicine issues need to be solved and some of them are space-specific (see Figure

6).

Limited
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Figure 6 Challenges in space medicines.

This concerns both the efficacy and stability of the space medicines. On today’s short missions,
which hardly extending six months per astronaut, the typical shelf life of medicines of one to two
years is deemed to be sufficient. Yet, the above claim needs experimental confirmation. On top of
that, the current technological limitations on the conundrum of mass, volume, and power per flight,
space exploration will set limit regarding drug storage and drug safety. Over and above, for a long

space journey, as e€.g., a two-year Mars mission (comprising two times 9-month trips on the



shortest distance between Earth and Mars, and a half-year stay), resupply is not feasible at all. And
even if we could supply the mission with small payloads, current medicines kit would have gone
beyond their expiry date. Previous studies have all been conducted in lower Earth orbit (LEO) and

suffered from a lack of appropriate controls 3% 33

, or sample size. There remains a need for
conclusive data in LEO, and this is the time to begin studies beyond LEO. Solutions to extending
shelf life and/or manufacturing medication in space should be explored. We need to be able to
fabricate medicines in space, which is further explained in Section 4 of this review. Beyond all of
that, the question remains as to how can space investigations of medicines and their formulations

give us learning for better medicines on Earth.

Cosmic ray stability studies of drugs in space. Space radiation and medicine stowage. The

efficacy of the active pharmaceutical ingredient is a crucial performance quantity to be assured for
space exploration. Storage of medications at the International Space Station has shown to be
compromised compared to samples kept on Earth. This is because of a shorter shelf of the space-
located drugs *3-6. Besides microgravity and the repackaging of the drugs to fit into the space
medical kits, space radiation is seen as one of the underlying causes of the instability of space
medicines, meaning the drugs and their formulations >’. It might even create decomposition
products, not known on Earth, and potentially of higher toxicity than on Earth. Vice versa, studying
the effects of space radiation can refine our understanding of medicine stowage and radiation

protection on Earth.

Indeed, space radiation studies at the International Space Station (ISS) have shown that the
environment beyond the low-Earth orbit is filled with radiation. Space radiation can come in
various forms, including high-intensity photons, high-energy protons, neutrons, electrons, gamma
rays, and heavy particles. Thanks to the Earth’s unique magnetosphere, the majority of heavy-
charged radiation is deflected, and the radiation risk is remarkably reduced. However, there is still
a significant amount of energy trapped in the Earth’s magnetic field (protons and electrons) and a
few secondary particles of radiation that also need to be accounted 738!, Thus, a human presence
in the LEO and the more remote outer space requires protection against the effects of radiation

effects.



One radiation study monitored the magnitude of radiation dose differences between ISS and
ground (Earth) (see Figure 7). The space-related dose increased largely with time, and after 28

months, was cumulatively about 20 times higher .

Liquid formulations are more prone to indirect ionization than solid ones ’. This is due to the fact
that high energy radiation-induced radiolysis of water molecules of hydrogen and hydroxyl 2.
These molecules will then diffuse themselves inside other molecules which causes the destruction

of API molecules.
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Figure 7 Cosmic ray dose at ISS (flight) and on the ground (control); in cumulative order
for four payloads, amounting to the total exposure time of 28 months; payloads
1-4 amount to 13, 354, 597, and 881 days “Reproduced from 3¢, Copyright
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History of drug-related stability studies on ISS. Several active pharmaceutical ingredients (APIs

within drugs) have been studied in space, and all over the last decade; meaning aboard the ISS (see
Table 1) ¥. Yet, the vast majority has been studied in one mission with 35 drugs altogether, while
the other five missions investigated only 2 to 9 APIs, including multivitamins. The studies included
‘API mixtures’ (multi-Vitamin tablets). Tablets are the prevalent dosage design form investigated
on the ISS. These APIs on the ISS are designated as dietary supplements or prescription
medications. Key findings were (i) a vitamin B1 formulation is subjected to marginal degradation
after 4 months of ISS storage >; (ii) spaceflight formulations undergo physical changes such as
discoloration, liquefaction, or phase separation with higher rates than ground control counterparts.

36, (iii) there are higher degradation rates in spaceflight than ground for photolabile drugs *¢; (iv)



the degradation rate of promethazine, a photolabile drug, in a liquid formulation is double that of
ground control samples *%; (v) some medications still meet United States Pharmacopeia (USP)
requirements after 5-8 months after their listed expiration date for spaceflight, while one failed to
meet USP standard after 11 months of expiration 3; (vi) Riboflavin, vitamin A, and vitamin C in
a multivitamin tablet decreased in its API content by 10% to 35% after 880 days storage in space

>4, Some of the studies given in Table 1 are discussed in detail here.



Table 2 History of drug-related stability studies on ISS

Group Name Formulation Comment Ref
Vitamin Centrum Silver® Neglectable differences in API degradation between flight
Multivitamin/Multimineral Tablet and ground control sample after 4 months storage in space
Supplements (Wyeth) 55
OneADay Women's® (Bayer) Formulation subject to marginal degradation after storage on
Tablet
ISS for 4 months
Centrum Silver® Riboflavin, vitamin A, and vitamin C in the multivitamin
Multivitamin/Multimineral Tablet decreased 10% to 35% after 880 days of storage in space
Supplements (Wyeth) 54
Nature's Way vitamin D Neglectable differences in API degradation between flight
Tablet .
supplements and ground control sample after 880d in space
Nasal cobalamine Gel Formulation fails both physical and chemical potency 56
© standards after space storage
Antibiotic - Acyclovir Tablet Formulation fails physical standard after space storage
Antifungal - icillin/clavul Formulation fails both physical and chemical
Antiviral Amoxicillin/clavulanate Tablet ormulation fails both physical and chemical potency
standards after space storage
Azithromycin Neglectable differences in API degradation between flight
Tablet .
and ground control sample after 880d in space
56
Cefadroxil Neglectable differences in API degradation between flight
Capsule .
and ground control sample after 880d in space
Ciprofloxacin Formulation fails both physical and chemical potency
Tablet
standards after space storage
Fluconazole Tablet Formulation fails both physical and chemical potency

standards after space storage



Imipenem/cilastatin Powder Formulation fails physical standard after space storage

Levothyroxine Formulation fails both physical and chemical potency
Tablet
standards after space storage
Metsronidazole Tablet Formulation fails physical standard after space storage
Sulfametshoxazole/trimetshoprim Tablet Formulation fails both physical and chemical potency
standards after space storage
Ciprofloxacin . Formulation fails both physical and chemical potency
Ointment
standards after space storage
Clotrimazole Formulation fails both physical and chemical potency
Cream
standards after space storage
Mupirocin Ointment Formulation fails both physical and chemical potency
standards after space storage
Silver sulfadiazine Formulation fails both physical and chemical potency
Cream
standards after space storage
Ciprofloxacin Opth. Sol. Formulation fails physical standard after space storage
Immune System Levothyroxine Tablet Formulation fails chemical potency standard after space
storage
Loratadine Tablet Formulate meets the formerly USP requirements 5 months
© after listed expiration; yet fail to meet updated USP standard
Promethazine S Formulation fails both physical and chemical potency
|Pp- standards after space storage
Promethazine . Formulation fails chemical potency standard after space
Injection
storage
NSAID Acetaminophen Tablet Formulate meets the formerly USP requirements 5 months

after listed expiration; yet fail to meet updated USP standard



Aspirin Formulate meets the formerly USP requirements 9 months
Tablet o .
after its listed expiration
Ibuprofen Neglectable differences in API degradation between flight 56
Tablet .
and ground control sample after 880d in space
Ibuprofen Formulate meets the formerly USP requirements 3 months
Tablet . .
before its listed expiration o
Loperamide Tablet Formulate meets the formerly USP requirements 5 months
after listed expiration; yet fail to meet updated USP standard
Triamcinolone Cream Formulation fails physical standard after space storage %6
Musculoskeletal Furosemide Tablet Formulation fails chemical potency standard after space
storage
56
Risedronate Tablet Formulation fails chemical potency standard after space
storage
Cardiac Atorvastatin Neglectable differences in API degradation between flight
Tablet .
Vascular and ground control sample after 880d in space “
Metoprolol succinate Tablet Formulation fails chemical potency standard after space
storage
Pseudoephedrine Tablet Formulate meets the formerly USP requirements 9 months 5
after its listed expiration
Central nervous Dextroamphetamine Tablet Formulation fails both physical and chemical potency
system standards after space storage
Phenytoin Capsule Formulation fails chemical potency standard after space s6
storage
Progestin/estrogen Pack Formulation fails chemical potency standard after space

storage



Sertraline

Temazepam

Melatonin

Modafinil

Zolpidem

Epinephrine

Lidocaine

Tablet

Capsule

Tablet

Tablet

Tablet

Injection

Injection

Formulation fails chemical potency standard after space
storage

Formulation fails chemical potency standard after space
storage

Formulation failed both API and degradants/impurities
assays after 11 months of listed expiration

Formulate meets the formerly USP requirements 2 months
before its listed expiration 53

Formulate meets the formerly USP requirements 9 months
after its listed expiration

Formulation fails chemical potency standard after space

storage
g 56

Formulation fails chemical potency standard after space
storage




Cosmic ray stability study of the ISS Medical Kit, with 35 APIl/Formulations. One signature

experiment investigated the long-term cosmic stability of formulations that were stowed for 28
months in the ISS medical kit in space and compared their physicochemical changes to Earth
ground control samples *°. Actually, the ISS medical kit itself with its 35 formulations was
investigated, which gives the investigations authenticity. The author team includes members from
diverse clinical laboratories, universities, and NASA. Four payloads corresponded to four different
stowage periods: being 13, 354, 597, and 881 days, respectively (the latter being about 28 months).
In that period, the radiation dose increased cumulatively with time in space. Temperature and

humidity were kept similar to the ground to focus solely on the radiation dose effect.

The study delivered extensive insight into the cosmic ray-induced decay of the drug formulations.
First, while Earth samples exhibited alterations, space condition accelerates medicine degradation:
6 medications aboard the ISS and 2 of matching ground control samples changed measurably. The
second question is if space and Earth medicines can still be used in legislative terms, which is a
matter of providing a threshold API content: 9 medications from the ISS and 17 from the ground
met the United States Pharmacopeia (USP) acceptance criteria. A higher percentage of medications
from each flight kit had lower API content than the respective ground controls. Also, and as
expected, the API content decreased as a function of time in space. This seems to be decoupled
from the Earth expiration date, which means that medicines with supposed long expiry date also
decreased in API content under space conditions. The API content is not the only relevant
physicochemical quality. In fact, dissolution is also much relevant. The investigated solid dosage

forms met the USP standard for dissolution after storage in space.

In another study of the same motivation, nine medications were analyzed after a stay on ISS 3.

Eight of the medications still contained their API within acceptable limits.

Coming back to the abovementioned signature study ¢, the stability of medicines as per dosage
design form was investigated. Solid formulations were generally found to be more stable than
liquid ones, with semi-solid ranging in between. Figure 8 shows the performance for two APIs and

also after which time of exposure their stability has run out of the potency specifications.
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Figure 8 Cosmic ray dose at ISS (flight) and on the ground (control); in cumulative order
for four payloads, amounting to a total exposure time of 28 months; payloads 1-4
amount to 13, 354, 597, and 881 days. “Reproduced from . Copyright 2011
Springer”

Drug crystal formation under strict diffusion control in space. Role of diffusion in crystal

formation and absence of convection. Crystal size and shape of a drug are of crucial importance in

formulation manufacturing and the drug’s bioavailability (including disintegration/dissolution) 3.
On top of that comes that drugs occur in different kinds of crystal polymorphism, meaning different
intermolecular arrangements for the same type of molecule . Drug polymorphs exhibit different
dissolution and bioavailability ®°. In a word, having a control over the crystal characteristics and

its formation process are essential to define the function of a drug and a formulation.

Crystal formation is largely governed by mass transfer, and the control of diffusion and convection
are the major tools here ®. In this way, the seed formation and crystal growth are decided. Crystal
formation is also driven by heat transfer, the exact setting of cooling rates at having uniform

temperature profiles °.



In microgravity, however, supporting molecular processes on Earth for the matter distribution such
as natural convection is absent, e.g. facilitated by buoyancy or density convection ¢’. This absence
actually is ideal for crystal formation, as it leaves diffusion as the only driving force, which is a
theoretically very well understood physical process with uniform mass transfer settings 5.
Convection, as opposed and while being effective in speeding up the mass transfer, is a complex
matter-moving process ® with a variation of mass transfer in space and time. Hence, convection
leads to non-uniform ‘crystal formation histories’ * and non-uniform crystals. As a result, a strict
diffusion-ruled environment is deemed as the ‘ideal’ processing of crystals. While we can stop

forced convection (by the absence of stirring and shaking), we cannot eliminate natural convection.

Therefore, space provides the ultimate diffusion control.

Pembrolizumab crystal formation and processing consequences. Merck Company investigated

their cancer immunotherapy drug Pembrolizumab (Keytruda®) and found that the space crystals
were monomodal, while the Earth crystals were bimodal, meaning the latter showed two bands of
size distributions with two maxima ’°. The bimodal maxima were larger and smaller than the
monomodal ones. A good API should have a well-defined monomodal distribution of spherical

shape, given for both the space and Earth samples, and small size.

The Merck studies also provided meaningful insight into the formulation processing capabilities
of the crystal suspensions, seen also in the glasses of future pharmaceutical manufacturing in
space. Viscosity is a key quantity here, ruled by the crystal size and shape. The space crystals were
less viscous and accordingly sedimented more uniformly than the ground-based crystalline
suspensions. This space development could guide in this way the production of crystalline
suspensions on Earth, concerning the choice of rotational mixers as suitable equipment to reduce
sedimentation and temperature gradients for improved crystallization. As an outcome, Earth-made
uniform crystalline suspensions (1-5 um) with acceptable viscosity (<12 cP) were prepared which
met the rheological and syringe ability specifications. This was deemed suitable for injection
formulations, with increased storage and drug delivery options for patients on Earth as well as

astronauts 79,

It is also a matter of the physical state of the formulation. It is proposed that liquid pharmaceutical
formulations are more susceptible to degradation than solid formulations 7. This is because drugs

in a dissolved state are more prone to radiation activation than in a solid state. Yet, then the matter



of administration and its fastness becomes an issue, which can be steered by choosing the type of
formulation; solid, semisolid, or liquid. Solid formulations such as tablets are on the slower side,
yet this is a matter of the speed of disintegration and dissolution which majorly determine the time

it takes until the drug reaches the blood circulatory system.

Protein crystal formation under strict diffusion control in space. Role of proteins in drug

discovery. Protein crystallization is a central process in drug discovery, as it reveals the
macromolecular fingerprint and template of the disease. It helps elucidate the crystalline structure
of antibodies and other relevant protein sites which are deemed to be the “lock™ to which the active
pharmaceutical ingredient (drug) is the “key”. It enables the elemental molecular understanding of
the origin of the disease and how diseases can be antagonized. It is the basis for a rational design

of the drugs.

As outlined in 3.2.1, the microgravity environment of the ISS is ideal for crystal formation due to
allowing diffusion to be the only physical mechanism for the transport of matter. Thus, for the past
30 years, researchers have been using microgravity to improve the quality and uniformity of
crystals. Up until now, more than 10,000 protein samples have been investigated on ISS.

Understanding protein crystallization provides vision on perception in health and disease treatment

71-73

Big crystal formation in space to facilitate structure elucidation. In microgravity, the exclusive

presence of diffusion slows down mass transport, and, as a consequence, a lower number of seeds
is formed in the first stage of crystal growth. This means bigger crystals are formed from the same
mass of material. To expand on this finding, the Japanese Aerospace Exploration Agency (JAXA)
headed for the formation of bigger crystals and brought the larger crystals back to Earth for the
elucidation of the crystal structure, since larger and more consistently shaped crystals provide more
analytical insight 7. The first investigations were made in 2003 and continued in 2009 using the
"Kibo” cell unit in collaboration with the Russian space agency (ROSCOSMOS) and the National
Aeronautics and Space Administration (NASA).

The study utilized the counter diffusion method for crystallization in capillary tubes at 20°C. The

space-manufactured protein crystals had outstanding properties e.g., concerning the crystallization



yield, protein purity, and protein 3D structure (see Figure 9) 7>77. As shown in Figure 9, the

proteins grown in space had greater size and a well-defined shape as undistorted a-helix.

Figure 9 Protein crystals produced on the ground (left) and in space (right) “Reproduced
from 78, Copyright 2007 Japan Aerospace Exploration Agency”

Monoclonal antibody crystal growth in space. Merck has developed sets of space experiments

termed “Microgravity Growth of Crystalline Monoclonal Antibodies for Pharmaceutical
Applications (CASIS-PCG)” focusing on protein crystal growth to gain a better understanding of
therapeutic agents and target diseases including cancer. The experimental results from Reichert et
al. 7 show the positive effect of microgravity on the uniformity of producing protein crystal
particle size distribution compare to Earth counterparts. The result was then applied to produce
uniform crystal suspensions suitable for injectable formulations, which has increased storage and

drug delivery options for patients on Earth as well as astronauts 7°.

Artificial retina crystal growth in space. Using the knowledge of protein crystal growth in space,

LambdaVision aims to develop a method to grow artificial protein-based retina crystal for retinal
implantation. This would open a treatment option for patients suffering from blindness. The aim
is to implant the space manufactured bacteriorhodopsin-based protein crystal in a subretinal
position to replace degenerated cells. The LambdaVision study targets the mechanism of light
activation in proteins, particularly, bacteriorhodopsin. The use of the photosensitive molecule

bacteriorhodopsin is investigated for fabricating artificial retina implants. Microgravity allows



researchers to perform crystallisation of the individual layers of the artificial retina homogenously
and with few imperfections. In addition to the health benefits, space-manufactured retinal implants
could reduce the manufacturing costs of visual aids 7 and, in extension, have applications in 3D

data storage, chemical sensing, and photovoltaic devices.

Tablet disintegration and dissolution under strict diffusion control in space. While the
absence of diffusion helps form perfect crystals, it is detrimental when the speed of matter transfer
counts. Convection is much helpful here on Earth but absent in space. Knowing this, we need to
learn in the future how to design tablets and formulations in space that operate purely on diffusion.
Vice versa, pure diffusion-controlled tablet disintegration/dissolution studies might provide

fundamental insight, which is inaccessible on Earth.

Role of diffusion on tablet wettability and disintegration in _space. Eli Lilly Company has

performed an ISS-based suspension dissolution experiment to study the effects of surface
wettability and buoyancy effect in dissolution on pharmaceutical products, from a starting point of
a disintegrating tablet in an aqueous solution. While the official report is not yet published,
preliminary results show that dissolution in microgravity is significantly slower than expected.
That was expected since in space buoyancy or density convection does not assist the dissolution
of particulates. A key observation was the formation of a gel interface formed between tablet and
solution, which does not occur to the same extent on Earth. The studies were deemed to show

potential for the innovation of formulation design in space and on Earth %,

Bioavailability studies in space. Pharmacokinetics and pharmacodynamics for paracetamol

and _scopolamine. Pharmacokinetics and pharmacodynamics have been studied on ISS for the

absorption of paracetamol and scopolamine. Both APIs changed in flight, as a function of time and
API 88 The physiological changes due to the space environment affect drug absorption,
distribution, metabolism, excretion, or transport (ADMET), the elements of pharmacokinetics *.
Pharmacology is an important area to establish the role of human adaptation, as well as
pharmacogenomics and the environmental role of pharmaceuticals. Furthermore, some of the
body’s tissues undergo changes during space missions. For instance, bone and muscle undergo
atrophy which can reduce the targets for paracetamol, with the potential to alter drug efficacy. The

existing bioavailability data from spaceflights are dated fragmentary, and inconclusive *. Data



from deep space missions are entirely lacking. With ISS studies reporting on the dissolution of
solid formulations, the next logical step would be to undergo studies that are more comprehensive

on the whole disintegration/dissolution/bioavailability process.

Pharmacokinetics and pharmacodynamics for acetaminophen. As another piece of evidence-based

on space analog studies demonstrating space medicine effectivity, pharmacokinetics was
determined for acetaminophen formulated in tablets and capsules using healthy volunteers after
single peroral administration; both under Earth living conditions and during long-term ISS
presence *3. The absorption of acetaminophen was delayed in the ISS onboard studies and differed

substantially from the Earth routine (see Figure 10).

The drug concentration in ISS volunteers was below the threshold for a regular API efficacy. The
research compared the dosage design form of paracetamol, as tablet and capsule formulations.
Under microgravity, the rate of tablet-based drug absorption from tablets was substantially
lowered, while the bioavailability increased to the same extent. The capsules showed, in line with
the tablet measurements, a reduced absorption time change, while exhibiting the same

bioavailability on Earth as in space .

Concentration, pg/mL

Time, h
Fig. 1. Average pharmacokinetic curves of acetaminophen: tablets,
baseline (/); tablets, SF (2); capsules, baseline (3); capsules, SF
(4).

Figure 10 Average pharmacokinetic curves of acetaminophen: tablets, ground control (1);
tablets, space flight (2); capsules, ground control (3); capsules, space flight (4)
“Reproduced from 33, Copyright 2009 Wiley-VCH”.



Controlled drug delivery in space. Fast and slow release of drugs — the role of administration.

Drug administration can be done in various ways, and the main concern on Earth is controlling its
speed, meaning how long the time it takes for the drug to reach the circulatory system. This can
be steered by choosing the type of formulation: solid, semisolid, or liquid. Solid formulations such
as tablets are on the slower side, while liquid formulations deliver faster, as they allow direct
injection into the blood circulatory system or muscle tissue close to it. On the other hand,
sometimes the disease demands a long-lasting, slow release of the drug, e.g., over days to months.
The controlled release of drug delivery is demanded. The question is how that all operates ‘in

space’.

Controlled drug delivery by a nano-implantable device in space. Nano-implantable medical

devices are cutting-edge solutions for controlled drug delivery in the medical field 8% %. A study
facilitated by the ISS National Laboratory treated muscle loss by continuously delivery of low-
dose of medicine to a patient system through a tiny implantable unit with a channel that is in the
nanometer range % (see Figure 11). The concept is tested on healthy mice in a real space
environment in the Rodent Research 6 mission. In this study, (i) a mechanism of controlled-release
profile for formoterol through the nanofluidic membrane in microgravity condition was established
(136 ug of formoterol per day); (ii) the sustained release at a low dose of formoterol induces an
anabolic effect on muscles on healthy mice without causing cardiac hypertrophy; (iii) the
prevention of muscle atrophy on mice at ISS using the nano-implantable device was not as
effective as compared to the ground control unit. In essence, the nano-implantable device delivered
a substantial dose of API, which amounts to a third of the subcutaneous injection dose. Thereby,
the daily injection dose can be at least reduced. These results lay the foundation for future drug

delivery systems and benefit the health of astronauts and space travelers in the future %°.
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Figure 11 Nanofluidic implantable drug delivery device “Reproduced from 3¢. Copyright
2020 Wiley-VCH”.

IN-SPACE MANUFACTURING. To mitigate the risk of medication-related problems, safe
and effective medication management via evidence-based, systems and interventions need to be
developed and implemented. Medication management has been carefully planned out to ensure a
sufficient supply of medication for each space mission. However, for extended space journey,
resupply mission may not be feasible, and the medicine itself may exceed its safe shelf-life. A
potential solution here is in-space manufacturing. Manufacturing medicine in space is a challenge.
The cargo capacity is restricted to carry the drug and their formulations, which restricts finally the
choice of drugs available. We cannot take a full “pharmacy” to space. It is expensive to bring an
entire pharmaceutical factory to space. And even so, this only works when using preassembled
modular units which then are finally erected in space to the whole pharmaceutical plant; like the
container plants on Earth, known for flexible campaign manufacturing (see Figure 12). It makes
sense to do that exercise on a bench-scale format and to learn from that on the main performance
issues, one of which is flexibility in producing medicines for individual use. It is also important
that these innovations consider encompassing an international harmonization of appropriate drug

licensing, regulation, and quality assurance structures appropriate for the space sector.
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Figure 12 Assets of on-board space manufacturing.

Visions of in-space manufacturing factories and their extraterrestrial materials.

Pharmaceutical compact, on-demand manufacturing system. A miniaturised portable system for

on-demand pharmaceutical formulation has been studied, called Bio-MOD, or Biologic
Medications on Demand (see Figure 13). Bio-MOD represents the concept of lab-on-a-chip, which
can move a small number of chemicals from one operation to another in small microfluidic
channels/chambers to make the final product, which is the API. The goal is one big and demanding
step further, namely to make personalised medicines in a short response time and the authors quote
less than 24 hours *’. In this sense, the Bio-MOD was used to study on automatic end-to-end
manufacture of His-tagged Granulocyte colony-stimulating factor protein, which includes
production, purification, and collection of products ®. In this study, the Bio-MOD shows to have
an ability to process 2 to 10 ml of lysate per 8.5 hours run 3. Although the production quality,
yield, and product uniformity are not comparable to industrial processes, this has confirmed the

feasibility of in-situ manufacturing of medication.
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Figure 13 Bio-MOD briefcase on the pharmaceutical formulation “Reproduced from %.
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3D printing tablets. Since 2014, 3D printing has been a part of space exploration for a long time

%0 In an isolated environment like space, 3D printing is a perfect solution. The technology allows
on-site on-demand manufacturing in space. Advancement in 3D printing technology has created

%, This makes it possible for individualized

the possibility of 3D printing medicinal tablets
medicine, where the patient's dose can be customized according to their physical condition °!.
Additionally, advances in 3D printing tablet technology also allow printed tablets to be formed
into specific shapes and structures that are designed to control the release rate °'. The future drug

manufacturing and delivery could be transformed by this technology.

Use of extraterrestrial materials for solid formulations and their role in drug stabilization. The

miniaturized system discussed in 4.1.1 still needs to be fed with raw materials supplied from Earth

as payload. However, for long space missions, all digestible contents such as food and medicines



will need to be renewed as done on Earth. This ultimately requires manufacturing using local

materials, taken from celestial bodies such as the moon and Mars.

A running ISS experiment aims to study on the conceptualized a tablet manufacturing solely from
‘moon simulants’, which are inorganic materials known to exist abundantly on the moon. Strictly
speaking, these ‘moon simulants’ hold only for their chemical identity, while other parameters like
particle size distribution might be different. A mix of six lunar-simulant materials was taken as
pharmaceutical excipients, forming a tablet, in which ibuprofen and Vitamin C, was distributed as
an APIL. Ibuprofen was taken as the second goal of the ISS experiment is a long-term duration study
of the effects of cosmic rays as well as formulation-based countermeasures to enhance its stability.
To the author's best knowledge, Ibuprofen is one of the best APIs to study photodegradation, as

much is known about the photodecomposition products and kinetics *2.

Three shielding concepts were applied against the cosmic radiation, (i) the mere dilution of the
API in the excipient matrix, (ii) a coating of the tablet with assumed cosmic ray shielding material,

and (iii) a molecular complexation of the ibuprofen with the excipients.

The ‘lunar-made’ tablet research is in two running ISS-NASA experiments, investigating the long-
duration stability of ibuprofen in the tablets under real cosmic irradiation. 60 and 6 tablet samples
were compounded and sent to the ISS for 9 and 12 months in real space conditions inside ISS and
outside, respectively (see Figure 14). First, on-Earth radiation results on alpha, beta, and x-ray
(gamma) decomposition of the tablet specimens are at hand yet are not published and thus are not

discussed here. The on-Earth radiation dose equals the cumulative space condition °2.

Figure 14 (left) MISSE-14 installation on the MISSE-FF lifting the long-duration cosmic-
ray stability experiment of the University of Adelaide towards outer space



exposure, outside of ISS (right). The same ISS experiment with its ibuprofen
tablet samples inside ISS-National lab facility “Credit to NASA”.

CONCLUSIONS. Space experimentation under the surveillance of microgravity provides an
outstanding opportunity for scientists to conduct unique health research to improve the wellbeing
of astronauts in long-space flights. Impressive records of human benefits have been produced by
space research and exploration. This critical review provides a refined collection of some recent
advancements in medical research in the past few years and aims to make their essence in
innovation transparent by putting the experimental findings into a structured format. This review

outlines how this can lead to positive effects in improving the quality of life for humans on Earth.

We also identified gaps in the research and knowledge of medication management, especially in
in-space manufacturing, formulation, drug stability. Space investigation is conducted in relative
short time with limitations in laboratory footprint and research personnel. Hence, the intensity of
the research is not on a par with what is known for Earth-based research. As a result, we largely
refer to single results, giving an isolated view. Also, the repeatability and reproducibility hardly
practiced, combine with a lack of comprehensive research program. This is especially evident for
the testing of space medicines and their formulations, whereas human health issues and impacts of
space pathogens are better documented in space research and literature. For instance, on study on
cosmic radiation stability of drugs, there is hypothesis that drug profiles change during space
flights due to radiation effect. However, the effect happens in a complex manner with many
variables, like type of drug, drug formulation, flight duration, and possibly local radiation
conditions, which make it difficult to prove the claim. This asks for a large, holistic future space
research program, and thus highlights the need for a greater quantity of experimental payload

studies with appropriate ground controls to produce reliable and consistent results >* %,

Seen on the positive side, the experimentation on the ISS has provided basic information on the
crystal size of drugs and proteins, drug-formulation disintegration, dissolution, absorption
(bioavailability), and drug pharmacology. Some results seem to have the potential for
groundbreaking developments, both in space and on Earth. The number of experiments is steadily

increasing, and major global pharmaceutical groups are investing in ISS experiments.

The conceptualization of space-specific medicines and space medication is just at the onset. As of

now, astronauts are still treated by Earth medical solutions. But finally, it is unlikely that space



exploration will occur without the onboard manufacturing of space medicines. Here, substantial
groundwork still needs to be done. To accomplish this, the above-mentioned knowledge on ISS
medicinal testing and the even larger learning of human health in space need to be brought

together. This waits for its uptake.

OUTLOOK. Growing interest in space medical research in companies. Investing in
space in the research and development of medicine has gained a lot of interest as space is now
affordable and accessible to private companies. The center for the Advancement of Science in
Space (CASIS) data from various corporations, private companies, medical centers, and
governmental services shows the rising interest in space medicinal research in 2021. A large
portion of 35% of the market investments was made in research equipment for the International
Space Station (ISS). Bioengineering solutions for astronauts and technologies for the
biotechnology industry were equally out at 25%. And the remaining portion of the market
investment was equally split between the three sectors, i.e., longevity study, telemedicine, and

research design 3.

Can space medicinal research be simulated on Earth? While this review aims to show the
breadth of space medicinal investigations and the value of that research, it goes without saying that
access to space experiments is limited and costly; and will stay alike in the next years. In contrast
to Earth condition, there are more limitations in experimentation procedures in space, due to the
smaller labs, shorter time, and fewer personnel. In view of this, the question is if space-simulated

medicinal research on Earth may add to or complement authentic in-space experimentation.

Space microgravity research is challenging and highly competitive due to insufficient flight
opportunities. One way out of this dilemma is to lower the cost of the launch system and reducing
the weight. A possible solution here is miniaturized engineered systems. Miniaturized engineered
systems are known to provide a compact footprint and low weight, and even to facilitate
automation, which is needed to ease out the lack of operating personnel in space °. Yet and seeing
that such systems are not available commercially. Intensive R&D is needed to develop such
systems being able to give an accredited result. By solving the challenge of those space-tested

micro-engineered systems helps to have better automation standards of similar systems on Earth.



Another problem of space experimentation refers to the difficulty of controlling experimental
parameters such as variation in radiation, vibrations, and humidity 2. Therefore, to understand the
sole effect of an individual factor, it is important that analog studies are conducted in which other
variables can be controlled. At present, there are several Mars analog environments on Earth that
aim to evaluate the health and performance of analog astronauts *+%6. However, it is difficult to

create a high-fidelity environment for medication manufacturing needing further research.

The alternative is to operate on Earth, e.g. with simulated microgravity methods, as provided by
parabolic flights, falling towers, rotating wall vessels, or random positioning machines *’. Yet,
these methods might only be able to give an approximate result compared to real space. Similar
constraints about the validity of analog testing are given for on-Earth radiation studies, which aim
to simulate space radiation. Current terrestrial radiation methods emit radiation events at a
significantly higher flux (a few mGy/mins) compared to the low-flux dose (a few pGy/days)
measured inside the ISS having a cosmic radiation shield. High-energy radiation must not be
detrimental under those conditions. There is reason to assume that radiation can simply penetrate

through pharmaceutical samples without causing significant damage to the target being tested 7.
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