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Abstract
During the space travel mission, astronauts’ physiological and psychological behavior will alter, and they will start con-
suming terrestrial drug products. However, factors such as microgravity, radiation exposure, temperature, humidity, strong 
vibrations, space debris, and other issues encountered, the drug product undergo instability This instability combined with 
physiological changes will affect the shelf life and diminish the pharmacokinetic and pharmacodynamic profile of the drug 
product. Consequently, the physicochemical changes will produce a toxic degradation product and a lesser potency dosage 
form which may result in reduced or no therapeutic action, so the astronaut consumes an additional dose to remain healthy. 
On long-duration missions like Mars, the drug product cannot be replaced, and the astronaut may relay on the available 
medications. Sometimes, radiation-induced impurities in the drug product will cause severe problems for the astronaut. So, 
this review article highlights the current state of various space-related factors affecting the drug product and provides a 
comprehensive summary of the physiological changes which primarly focus on absorption, distribution, metabolism, and 
excretion (ADME). Along with that, we insist some of the strategies like novel formulations, space medicine manufactur-
ing from plants, and 3D printed medicine for astronauts in longer-duration missions. Such developments are anticipated to 
significantly contribute to new developments with applications in both human space exploration and on terrestrial healthcare.
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Introduction

Space exploration has become an inevitable part of many 
countries, as NASA (National Aeronautics and Space 
Administration), together with five other space agen-
cies, including the European Space Agency, Israel Space 
Agency, Canadian Space Agency, Japan Space Agency, 
and the Australian Space Agency, has planned for the 
Artemis program to establish the facilities in the moon for 
the human mission to longer duration program Mars [1]. In 
recent years, many companies have come forward for the 
exploration of space tourism. But, one important task in 
human space programs is to keep astronauts fit and healthy 
within the physiological changes caused by microgravity 
or weightlessness. In the international space station, the 
drug products were replaced within a year, whereas for the 
longer duration of the mission, it is impossible to replace 
the medication [2].

During a six-month mission aboard the International 
Space Station (ISS) in 2017, the medication consump-
tion of six crew members was monitored using the Dose 
Tracker system. It indicated an average of 453 prescrip-
tion uses per crewmember, or around four pills weekly. It 
was found that there was underreported medication use 
in medical records from previous space missions without 
a dose tracker system. That means astronauts were using 
many medicines and more doses of medicines during space 
travel to remain healthy [3]. However, multiple factors like 
physiological changes, psychological behavior, and radia-
tion present in the space environment influence or reduce 
the effectiveness of the medications used by the astronaut 
[4].

Some of the countermeasures were adopted for the 
physiological changes like exercise (treadmills, station-
ary bike, breathing exercise), adequate hydration, medical 
monitoring (telehealth), and psychological support (tel-
epsychiatry, telepsychotherapy, and LunaNet) [5–8]. The 
data from medical records gathered across various space 
missions highlights instances of reduced pharmacologi-
cal efficacy of the drug product. These potential changes 
transpire in two ways one at instability rooted in the phys-
icochemical changes of drugs and the microgravity effect 
on the absorption, distribution, metabolism, and elimina-
tion (ADME).

To better characterize and reduce the danger of a future 
exploratory spacecraft mission. This review aims to focus 
on three main sections: the impact of the drugs, alteration 
in the physiological changes primarily focusing on ADME, 
and the novel formulation strategies that can be adopted 
to the astronaut for the longer duration mission. Special 
attention was highlighted to the novel strategies for for-
mulation, such as nano/micro-sized particles, self-micro or 

nano-emulsifying drug delivery systems, and the cocrys-
tal. In particular, the space community involved in human 
spaceflight finds this to be a high-priority disciplinary 
scientific topic, which poses a significant challenge and 
presents opportunities for advancing human space explo-
ration. Addressing these issues is critical for ensuring the 
health and safety of astronauts on long-duration missions, 
as well as for developing effective medical treatments and 
countermeasures.

Impact of outer space environment on drugs

During space exploration, stored pharmaceuticals in the 
space shuttle experience a space environment depending on 
the length of a space mission. When spacecraft leaves the 
Earth’s atmosphere, it experiences microgravity, hypergrav-
ity, radiation exposure, excessive vibrations, humidity and 
pressure conditions, space debris, highly virulent microbes, 
and dense vacuum. Along with that, the temperature and 
humidity will remain under control in the spacecraft [9].

Other challenges pharmaceuticals face are radiations, 
such as charged particles, galactic cosmic rays, X-rays, and 
gamma rays deflected into the outer space environment in 
the presence of the magnetic field. Some highly energetic 
protons, electrons, and heavy ions are the particles trapped 
in the Van Allen belts [10]. This trapped radiation and the 
radiation in outer space will penetrate inside the ISS or the 
spacecraft. The space radiation will hit the spaceship, frag-
menting from highly charged particles into a more signifi-
cant number of low atomic particles that will cause chaotic 
radiation inside the spacecraft. For longer space missions, 
this radiation will cumulate inside the spaceship [11].

Space radiation

Space is filled with various types of radiation, broadly clas-
sified into two categories: non-ionizing (low energy) and 
ionizing (high energy) radiation [12]. Ionizing radiation 
includes alpha particles (fast-moving helium atom nuclei), 
beta particles (high-speed electrons or positrons), gamma 
rays, X-rays, and galactic cosmic radiation (GCR) originat-
ing from outer space, solar cosmic rays, and trapped parti-
cles. On the other hand, non-ionizing radiation encompasses 
radio frequencies, microwaves, infrared, visible light, and 
ultraviolet (UV) light. These types of radiation have lower 
energy levels than ionizing radiation [13].

When high-energy cosmic rays interact with the atmos-
phere or spacecraft materials, they produce secondary par-
ticles, such as neutrons and secondary protons, contributing 
to the overall radiation exposure [14]. There are two main 
ways that radiation reacts. During direct ionization in the 
absence of moisture or water, the drug product interacts with 



Journal of Pharmacokinetics and Pharmacodynamics 

the radiation leading to physical and chemical degradation 
like changes in color, hardness, malleability, solubility, 
degradation of chemical bond radiolysis, polymerization, 
racemization, etc. When radiation interacts in the presence 
of water, it hydrolyses the water molecule. It produces free 
radicles of water  (H2O· +, OH,  H3O+

,  H·,  O·,  H2,  e−), which are 
stable for a longer duration and can degrade drugs in liquid 
and semisolid formulations. It is called the effect of indirect 
ionization.

There are different case studies showing the effect of radi-
ation on degradation. Once the drug product is flown in the 
ISS or nanosatellite, the causes of instability concerning the 
radiation will impact either the drug substance or the inac-
tive substance present on the drug product. Wotring Virginia 
E. investigated various formulations of Aspirin and Ibupro-
fen; she found that the formulation of aspirin-containing 
starch, cellulose, stearate, or dextrose was more stable than 
alumina or silica contained in another formulation and with 
ibuprofen brands containing excipients of PEG, polysorbate, 
and hypromellose shows faster degradation [15]. Bhayani 
et al. [16] examined the stability in simulated space radia-
tion of amlodipine besylate drug substance and tablet. They 
found that the additional peak in FTIR analysis by the proton 
irradiation and two radiolytic impurities detected in LC–MS/
MS were caused by the gamma irradiation. Also, diclofenac, 
ciprofloxacin, and metoprolol were irradiated with the same 
ionizing radiation. They also found significant degradation 
in the proton irradiation of the drug substance and tablet. 
The API solution and liquid dosage are susceptible to deg-
radation once gamma radiation is provided [17].

Vibrations

The vibrations in the spacecraft can be caused by various 
sources, including the liftoff, propulsion system, thruster 
and engines, mechanical components inside the spacecraft, 
and external interactions. In order to do that, solar winds, 
micrometeoroids, and gravitational forces are considered 
minor vibrations, but consequently, they will cumulate over 
a period. Drug products are subjected to high vibrations 
during space travel; for shorter duration missions like lunar 
orbital and Low Earth Orbital (LEO) initially, the movement 
of the spaceship at 1G level (Earth gravity) passes through 
a hypergravity area with 8-9G at the surface of the Earths 
sphere and escapes from the Van Allen belts into micrograv-
ity, the drug product will experience different gravity (G val-
ues) and magnetic field [18]. Simultaneously, for the deeper 
mission, Mars, the spacecraft must travel different physical 
environments, including gravity, hypergravity, microgravity, 
different G values, thruster & engine, and the mechanical 
components inside the spacecraft. These different physical 
properties will impair the quality of medicines, affecting the 
drug product’s physical stability [19].

Direct reports are not available regarding the impact of 
vibration on space medicine. Oakey et al. evaluated the insu-
lin with different packaging to quantify the level of vibra-
tion stability during the transit via two drone deliveries. 
The vibration was significantly higher in both drone transits 
than in road transport. This Actrapid® insulin passes the BP 
turbidity evaluation and indicates the absence of insoluble 
aggregates. Establishing frequency-dependent sensitivity of 
drug products in different modes of vibration is a precondi-
tion to planning for medicine. So, further systematic study is 
essential to evaluate the effect of vibrations on the physical 
stability of medicine flown to space [20].

Microgravity and hypergravity effects on space 
medicine

Numerous factors affect medicinal products, but gravity, 
hypergravity, and microgravity will have a minor interaction 
during space exposure. On Earth, due to the gravity effect, 
dosage forms like injection, suspension, emulsion etc., have 
less physical stability compared to solid dosage forms like 
tablets, capsules etc. But in microgravity conditions, sedi-
mentation of suspension and flocculation, coalescence of 
globules in emulsion will not occur, leading to physical sta-
bility of dosage forms. But then, microgravity will influence 
the packaging model of the liquid dosage form. As both 
the suspension and emulsion in the conventional packaging 
don’t move upward or downward, they will start to float in 
the bottle, and the air in the container will not come out 
and will remain dispersed with the dosage form. Normally, 
crew members have to spin the container for the content to 
reach the neck of the bottle, and they will squeeze to expel 
it [21]. Dispensing such liquid and semisolid dosage forms 
in the required quantity is difficult in microgravity. There is 
a possibility of uneven dispensing of the dosage form at the 
time of use, which can lead to significant variation in the 
therapeutic action of the dosage form. So, primary packag-
ing material and dispensing techniques are very important 
in delivering a unit dose of the dosage form at a particular 
time to astronauts.

Injectables like normal saline 5% dextrose and lactated 
Ringers are necessary to maintain astronaut homeostasis, 
as 115 out of 442 conditions of medical disorders have 
been recognized as potentially requiring IV treatment dur-
ing space missions [22]. Indeed, it has some limitations in 
the zero gravity, sucking out the injection from ampoules, 
bubble inclusion in the IV fluid, the flow of fluid from the 
cannula, and excessive air present at the injector can’t be 
removed as it was dispersed with the drug. This air embo-
lism, unfortunately, if injected, will cause potentially fatal 
problems to the astronaut. Apart from that, injectables are 
available in solid powder form, which can be suspended 
in water for injection at the time of use. Such dosage 
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forms are more convenient to handle compared to liquid 
injectables. Equipment called Intravenous Fluid Genera-
tion (IVGEN) was designed and developed by NASA sci-
entists in 2010 to produce sterile IV saline fluid from the 
ISS potable water using a purification technique. They 
produced six 1.5 L bags of purified water out of these two 
bags for 0.9% of the normal saline solution [23]. In 2021, 
IVGEN mini was developed for mixing techniques and 
enlargement of IV parental formulation development in the 
outermost environment. They used two mixing techniques: 
magnetic stir bar and vibrating wall induced for efficient 
IV fluid mixing [24].

Stability of medicine in the space environment

As numerous factors cause the instability of drug products 
in the space environment; radiation is one of the major fac-
tors [25]. The Earth’s atmosphere and the magnetosphere 
protect us from various radiation, including ionizing and 
non-ionizing radiation. Various kinds of ionizing radiation 
like X-rays, gamma rays, and high Z energetic particles 
like protons, neutrons, and electrons [26, 27]. Radiation 
plays a major role in the instability of drug products like 
solar cosmic rays and galactic cosmic rays. All these radia-
tions were produced from the stellar cloud collisions and 
the radiation trapped into the Van Allen belt [28].

The insights of stability analysis can determine the shelf 
life of the drug product. The ICH International Council 
for Harmonisation structured the stability guidelines cor-
responding to the mean temperature and associated humid-
ity conditions [29]. However, the expert working group 
analyzed all the parameters of environmental conditions in 
various regions. After several research investigations, they 
drafted the guidelines for ICH Q1 [30]. In addition to that, 
the FDA further investigated the pharmaceutical under the 
(SLEP) Shelf-Life Extension program. This SLEP analysis 
has extended the shelf life of many pharmaceutical drug 
products [31]. However, the crewmembers’ safety must be 
ensured with the proper conception of how drug products 
behave in the unique space environment. NASA and other 
space agencies have implicated a forthcoming number of 
research works specifically to understand pharmaceutical 
instability [32].

Some pharmaceuticals are heat liable, affecting the 
drug product’s shelf life. Astronauts commonly use drug 
products such as lidocaine, amoxicillin, melatonin, and 
olanzapine as they are heat-labile [33]. Drastic changes in 
the temperature in the space will affect the active moiety 
of the drug product. Unfortunately, when consumed by 
astronauts, this formed degradation derivative in the drug 
product may cause severe health problems [34].

Microgravity: human physiological 
variability effect on drug bioavailability

Exposure to the microgravity (μG) environment of space 
flight causes several physiological changes in the body. As 
of today, most of the physiological changes experienced 
in space have been fairly well characterized and under-
stood. The human body’s homeostasis pathway will be 
strongly influenced by gravitation that monitors various 
routine processes and takes appropriate action as required. 
Exposure to microgravity, cumulative radiation, altered 
circadian cycle, and psychological shift will heavily 
impact the homeostasis pathway in chronic space condi-
tions. Altered human anatomy and physiology will adapt 
to the spacecraft environment, leading to space adaptation 
syndrome and alternation in homeostatic system devel-
opment. This altered homeostatic system affects several 
biochemical processes, including processes that take part 
in drug absorption, distribution, metabolism, and elimina-
tion (ADME) properties in the body. Currently, the intake 
of medicine by the astronaut will significantly influence 
ADME, reducing the drug’s potency and efficacy. Here, 
we will discuss different changes observed in humans in 
microgravity conditions and their impact on the efficacy 
and safety of medicines.

Gastrointestinal modifications

In spaceflight, most of the drugs are consumed by the oral 
route, yet an alternate route of administration will have 
tactical difficulties, as mentioned above. For oral medica-
tions, it is important to get absorbed from GIT for drug 
efficacy. Alteration in stomach empty time, intestine transit 
rate, and gut microbiome can lead to alteration in drug 
efficacy and, finally, PK/PD. Apart from that, drug dis-
solution in GI fluid also gets altered due to alterations in 
the solubility of solid drug particles in the surrounding 
liquid [35]. The study conducted by Afonin BV on astro-
nauts under microgravity states that gastric and pancre-
atic secretion levels increase. These changes of increased 
secretion of gastric juice and lowered pH might be caused 
by the hemodynamic changes in the venous of the abdomi-
nal body part. Further, the studies of 4 months of bedrest 
affirm the increased level of pepsinogen in the blood and 
the urine sample [36].

Several investigations on EUROMIR-94 mission 
regarding the gastric content analyzed that the level of 
pancreatic polypeptide (PP), secretin, motilin, and vasoac-
tive intestinal peptide (VIP) were increased in the fasting 
period; subsequently, the plasma cholecystokinin (CCK) 
level decreased. Additionally, on chronic conditions for 
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4 weeks, there is an increasing level of CCK, VIP, neu-
rotensin, motilin, and insulin. But PP, gastrin somatostatin, 
and motilin levels remain the same [37].

Stomach emptying time

On chronic microgravity exposure, the fluid content in the 
stomach will be altered, leading to two main essential fac-
tors that will affect the PK/PD of the drug profile [38]. 
Such factors are the kinetic moment of solid and liquid 
matter. The physical properties of the drug and the content 
inside the stomach will changed during spaceflight. Micro-
gravity conditions may significantly affect the stomach’s 
ability to distinguish particle sizes. Since no gravitational 
force can discriminate between a high- and low-density 
particle, no dependence on density would be anticipated. 
The kinetic energy of a drug, especially its velocity due to 
pressure effects produced by the stomach, drug particle/
particle present at the stomach, and drug particle/gastric 
wall collisions, would thus appear to be more critical for 
emptying the GIT [39]. As some drugs are absorbed in a 
particular window of the GIT, during microgravity expo-
sure, the food and drug intake will remain in the stomach 
for a more extended period as no gravity is acting on it. It 
will float in the fluid content, and the drug’s kinetic energy 
will remain to move toward the lower pyloric sphincter. In 
this case, the stimulation of the peristaltic moment will be 
delayed as the fed state content has to reach a particular 
area, and it takes a longer time for gastric emptying com-
pared to the terrestrial condition [40].

Intestinal transit rate

During space flight, microgravity will cause cardiovas-
cular deconditioning, reducing the splanchnic blood flow 
and a higher rate of space motion sickness, which triggers 
the vestibular otolith organ. This stimulation will alter the 
acid secretion and modify the normal electrolyte balance 
[41]. This changes the muscles’ ability to contract, which 
disrupts the rhythmic contractions of GIT and, eventually, 
disturbs the usual pattern of intestinal transit and gastric 
emptying. Consequently, drugs like diphenhydramine, 
aspirin, and ibuprofen are to be rapidly absorbed to treat 
immediate symptoms. The weakly acidic drug shows its 
maximum absorption in the stomach due to longer stays in 
the stomach. But for the weakly basic drugs, the absorp-
tion will take place in the intestine as there will be a delay 
in the disintegration/dissolution of the drug product in the 
gastric fluid, slowing of the kinetic moment, and delay in 
the contraction of the peristaltic tone will affect the PK of 
the drug product [42].

Gut microbiome

Specific cues like nutrition, lessened or inadequate caloric 
intake, changes in circadian rhythms, drug intake, con-
finement, radiation, and other conditions (microgravity, 
light–dark cycles) will significantly affect the function and 
composition of the gut microbiome [43]. Several investiga-
tions on gut microbiome were conducted on both spaceflight 
and ground-based analogs. Considering all the stressor fac-
tors of space conditions to the animal and human studies 
on the gut microbiome, dysbiosis shows the implications 
on gastrointestinal disease and metabolic variances [44]. 
Voorhies et al. investigated the astronaut microbiome in 
the international space station for one year, and they found 
that alpha diversity and richness of GI microbiota were sig-
nificantly raised during the spaceflight at ISS. Indeed, the 
results show a relative abundance of Parasutterella in the GI 
microbiota, positively associated with inflammatory bowel 
disease. Further, there is a decrease in the GI microbiome 
of Pesudobutyvibrio, Fusicatenibacter, and Akkermansia, 
the bacterial gene with anti-inflammatory properties. These 
changes resulted in moderate increases in inflammatory 
responses, which were also observed in the crew members 
during the space flight [45]. Further, the studies by NASA 
on twin subjects confirm the alteration of individual gut 
microbial communities, which causes inflammation of the 
intestinal tract. However, it remains unclear whether this will 
put the astronaut at risk [46].

Since the direct observation of drugs on the increasing 
level of space gut microbiome has not been studied, some 
of the investigations provide that the gut microbiome has a 
direct and indirect effect on drug metabolism. Digoxin has 
been used for atrial flutter, atrial fibrillation, and heart fail-
ure; Eggerthella lenta present in the intestine shows a direct 
modification of digoxin. This modification leads to inactiva-
tion with the potential for variability of drug concentration 
and toxicity. Further, the investigation on the tacrolimus 
with Faecalibacterium prausnitzii exhibits a keto-reduced 
product. Moreover, the second-generation cephalosporin, 
cefprozil, showed an indirect action on the CYP enzymes, 
particularly decreasing the activity of CYP1A2, CYP3A4, 
and CYP2C19. Likewise, the diverse and healthy micro-
biome was essential for the appropriate function of drug-
metabolizing enzymes, but caution should be taken on the 
intake of drugs metabolized by CYPs [47].

Effect on cardiac deconditioning

Astronaut body fluid is transferred from the lower part of 
the body to the upper thoracic region. It will appear as a 
puffy or moon face in the initial stages. This exposure will 
substantially decrease pressure in the intrathoracic area that 
simultaneously affects the cardiac muscle to expand, along 
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with the reduction of central venous pressure. In the early 
stages of microgravity, the size of the heart chamber expands 
by 20% [48]. On chronic adaptation to the space, the cardio-
vascular output (CO) and the stroke volume (SV) increased 
by 35 and 41%, which causes the stretching of atrial muscle 
to release an enormous amount of atrial natriuretic peptide 
(ANP) and messenger cGMP. This increases vascular per-
meability and shifts the intravascular fluid and electrolyte to 
the extravascular system (Fig. 1) [49].

Starling-Landis proposed a hypothesis that the gravita-
tional fluid flow has four forces that will maintain the fluid 
equilibrium between the intravascular and the interstitium: 
plasma and interstitial colloid osmotic pressure, capillary 
blood, and interstitial fluid pressure. When entering micro-
gravity, members will face cardiac deconditioning with the 
following mechanism: decreased sensory and mechanical 
stimulation and reduced hydrostatic pressure [50]. This 
mechanism will alter the Starling-Landis hypothesis, stating 
that in microgravity, both the acceleration and tissue weight 
drop to zero and thus decrease interstitial fluid pressure and 
increase transmural pressure [51, 52]. Furthermore, the 
reduction of hydrostatic pressure on the crew member does 
not correlate with vascular capillaries and tissue fluid, as the 
precapillary sphincter and vascular tone control them [53, 
54]. Several investigations on the ISS, Apollo astronauts and 
subsequent missions on the simulated cardiovascular studies 
reveal that cardiac deconditioning can also occur by greater 
carotid-cardiac (baroreflex) vagal sensitivity reduction [55, 
56]. This diminished baroreflex sensitivity affects heart rate 

control and augments the muscle sympathetic nerve activ-
ity. After the post-space mission, the astronauts face ortho-
static intolerance; nearly 65–70% of the crew members faint 
upon returning to Earth [57–59]. Thus, baroreflex attenuates 
both the heart’s vagal control and carotid parasympathetic, 
illustrating the increased heart rate during orthostatic intol-
erance [60]. As the cardiac deconditioning continues in 
long-duration space travel, the plasma volume decreases by 
15–18%. Reduction of plasma volume (hypovolemic condi-
tion) will alter the drug-receptor interaction. This will result 
in reduced hepatic blood flow, which leads to the inability 
of drugs to metabolize, thereby decreasing the clearance. 
This condition of microgravity changes the function of ion 
channels or, affects the drug products’ pharmacokinetic and 
pharmacodynamic profile [61, 62]. So far today, only six 
human studies have been carried out to analyze the pharma-
cokinetics of scopolamine/dextroamphetamine and acetami-
nophen during space travel [63].

Moreover, adaptation to microgravity will decrease the 
RBC count level by 10–12%. This adaptation was due to 
major hemodynamic circumstances such as fluid shift, car-
diac deconditioning, bone and muscle density loss, hemo-
globin concentration, and low erythropoietin [64]. Research 
studies onboard ISS for the longer duration mission will 
potentially induce hemoglobin degradation, as there was a 
54% increase in hemolysis observed on the postflight [62, 
65]. Simionato et al. investigated the in-vitro approach of 
erythropoiesis in different levels of  pO2; it shows that at the 
hypoxia stage, the RBC counts increased. These produced 

Fig. 1  Alteration of blood circulation in microgravity leads to heart remodeling, increased ANP peptide, activation of cGMP pathways, diuresis, 
and vascular permeability shifts, resulting in moon face appearance
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reticulocytes have a significant difference in concavity, 
reduced cell volume, and higher levels of glycolytic activ-
ity compared to a higher level of oxygen [66, 67]. Moreo-
ver, they confirmed no changes in the cell deformability, 
cytoskeletal protein, and enzymes. At the initial stages 
of spaceflight, there is an increasing level of RBC count 
(reticulocytes), and beyond 10 days, the concentration of 
hemoglobulin proceeds to normal as in the Earth’s condition 
[68]. This increases the hematocrit level in the plasma; as 
the crew members are exposed to the chronic condition, the 
drug binding to RBC is higher, which causes a lower clear-
ance level. Zhu et al. examined the effect of higher altitude 
exposure on acetaminophen and metformin hydrochloride to 
analyze the pharmacokinetic parameters. As the  t½ and AUC 
of these drugs were significantly decreased, the following 
clearance and bioavailability decreased. Further, they quanti-
fied the protein expression of uridine diphosphate glucuron-
lytransferase UGT1A1 and organic cation transporter OCT2. 
Both the protein and mRNA expression were significantly 
reduced under the higher altitude. So, the pharmacokinetic 
and pharmacodynamic investigation should be reconsidered 
for the optimal dose for the astronaut during microgravity 
exposure [69].

Effect on drug‑plasma protein binding

Daria et al. investigated 18 cosmonauts to quantify 125 
proteins in the blood plasma. The samples were collected 
30 days before the launch and the 1st and 7th days after 
the mission. They analyzed 19 proteins showing significant 
differences; the levels of S100-A9, a myeloid zinc and cal-
cium-binding protein, significantly regulating the immune 
and inflammatory process increased [70]. The concentra-
tion of this protein increases its extracellular function, 
including antimicrobial, proinflammatory, and apoptosis-
inducing activities. This protein can be predicted for the 
risk of myocardial infarction, recurrent cardiac attacks, and 
atherosclerosis.

Moreover, all the other proteins were reduced to main-
tain homeostasis in the microgravity environment, and these 
decreases in the protein concentration were caused by other 
factors such as emotional stress, overloads at the landing 
stage, and alteration of cardiac rhythm [71]. To determine 
the pharmacokinetics of the drug product, drug-protein 
interaction plays a crucial role as the protein-drug binding 
has the potential to change over the drug’s half-life and is an 
important observation over the longer mission duration [72]. 
It plays a major role in the bioavailability and distribution of 
API or drug, as a higher molecular mass of complex protein-
drug binding will be limited to crossing the biological mem-
brane [73]. In addition, reduced plasma in the microgravity 
condition will ultimately reduce the protein concentration 
in the intra-vascular region. Since only a limited number 

of proteins will attach to the natural active compound, the 
concentration of drugs in the tissue binding increases. This 
leads to saturation or supersaturation of the receptor, which 
will significantly reduce their pharmacological action [74].

Effect on drug metabolism alterations

As the crewmember travels on a long-duration mission, the 
hepatocytes in the liver modify its configuration and dimen-
sions. The activity of metabolism and detoxification will sig-
nificantly impact the drugs taken by the crewmembers [75]. 
Zhang et al. investigated the simulated microgravity effect 
on liver enzymes and pharmacokinetics studies of Folic acid 
in rats. They analyzed that Folic acid was metabolized by 
methyl tetrahydrofolate reductase, Methionine synthase, 
and Cystathionine beta-synthase. The expression of these 
enzymes was modified on a four-week simulated micrograv-
ity tail suspension model that decreases the AUC and Cmax 
of folic acid [76].

Zong et  al. examined the liver metabolism in rhesus 
macaques on long-term microgravity exposure. This study 
carried over a 42-day head-down bed rest (HDBR) simulated 
model in which they analyzed the level of both transcriptome 
and metabolome [77]. The livers of HDBR monkeys accu-
mulated fat vacuoles and inflammatory cells, and there was 
minor liver damage and an increased level of ANGPTL3 
in the blood [78]. The liver sample analysis also found 
the down and up-regulation genes of innate immune and 
lipid metabolism. Ranade et al. investigated the hindlimb 
unloading (HU)-induced hepatic cellular processes in mice. 
The controlled and HU groups were treated daily with the 
vehicle and 4-phenylbutyrate. They examined that HU mod-
els express hepatic atrophy with down-regulation of genes 
involved in liver metabolism. This significantly affects the 
signaling pathway associated with cytochrome P450 [79]. 
One of the Cytochrome P450 enzymes, CYP2D6, was 
responsible for the metabolism of many drugs, as codeine 
which is metabolized into morphine. The microgravity 
causes the CYP2D6 to accelerate into a rapid metabolizer 
that can lead to unfavorable respiratory complications. 
Another CYP enzyme, CYP3A4, was most abundantly 
present in humans and highly sensitive to the metabolism 
of drugs [80]. Uncertainly, if microgravity induces this 
enzyme, it will reduce the efficacy of the drug product con-
sumed by the astronaut, and there is the possibility of taking 
additional doses, which can lead to potential toxicity to the 
crewmembers [81].

Chen et al. Investigated the Loureirin B (LB), a com-
pound used for pain relief and improving blood circulation 
of astronauts from Microgravity and radiation. They exam-
ined the lead metabolite using a rat liver microsome in the 
simulated microgravity and their isoform changes in the 
Cytochrome P450 [82]. It was found that the LB follows 
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the Michaelis–Menten equation, and the CYP enzymes 
involved in metabolism are CYP1A2, CYP2D1, CYP2C11, 
and CYP3A2. The study suggested that the clearance of 
LB was increased by the 3rd day and 14th day of simu-
lated microgravity. Anselm et al. investigated the potential 
alterations in the metabolic pathway of the mice floating 
on the spaceflight project “Bion-M1”. They analyzed the 
proteomic expression of 12,206 peptides, and 1086 proteins 
were identified using mass spectrometry. The data shows 
that 218 proteins were upregulated and 224 down-regulated 
after the post-flight adaptations. They also found that peroxi-
some proliferate-activated receptor pathways and bile acid 
secretion are altered due to increased reconstituted protein 
levels and CYP family expression.

On the other hand, mice that remained 30 days in space 
showed enhanced CYP2C29, CYP1A2, and CYP2E1 lev-
els. The former two CYP subtype contents reverted to the 

baseline level seven days after landing, while the enhanced 
CYP2E1 expression remained significant. Rats flown for 
12 days had more CYP4A1 than usual, but the other CYP 
genes evaluated did not alter [83]. For a preclinical inves-
tigation, animal models were utilized to predict the phar-
macokinetic similarity before initiating clinical studies. 
The Fig. 2 summarizes the different CYP enzymes present 
in the human and animal models for both the space and 
simulation studies [84–87].

To summarize the above physiological alteration with 
the pharmacokinetic and pharmacodynamic data suggested 
to support the development of strategies for the optimal 
doses for the astronaut during long-term spaceflight, car-
diac deconditioning, protein binding, GIT modifications, 
liver metabolic processes, and the gut-liver axis should 
be continuously examined for the safety of crewmembers.

Fig. 2  Comparative overview of CYP enzymes in human and animal models for space and simulation studies
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Novel strategies for space pharmaceutical 
formulation

Stability issues of drug products can increase during long-
duration missions, which ultimately reduce the pharmaco-
logical effect of the drug. Some strategic approaches can 
be used to overcome these instability issues of drug prod-
ucts. Moreover, pharmaceutics formulation insights have 
evolved in many research aspects using computational 
modeling and molecular dynamics [88, 89]. Recently, In-
silico modeling has evolved in predicting the solvation 
and crystallization formation ability with different solvent 
molecules. Later, the AI and machine learning era gained 
minimal laboratory work with cost efficiency. Along with 
these techniques, molecular quantum physics has evolved 
to predict the drug payload in different nanocarriers, 
such as lipids and polymers. These molecular dynamics 
simulations will provide insight into different excipients 
with drugs. Additionally, we insist that some of the novel 
approaches can be implemented for the astronaut’s longer 
duration mission (Fig. 3).

Use of antioxidants as an excipient in formulations

Medicine excipients, including pyridoxine, nicotinamide, 
and mannitol, will have radiation-protection properties that 
have been proven terrestrial in sterilization. Another alter-
native was the addition of antioxidants; if the dosage form 
has reactive oxygen species, it will lead to its instability. In 
addition, changing or including excipients in the regulation 
must illustrate the drug product’s safety, potency, and effi-
cacy. The approval of this drug product will be treated as the 
regulatory process for a new drug product [90].

Novel drug delivery system

The administration of smart drug delivery systems provides 
various advantages over the conventional dosage form not 
only in terrestrial conditions but also in the case of micro-
gravity conditions, as the gravitational vector G values 
play a major role in the aggregation or flocculation of the 
nanoparticle/nanoemulsion. In microgravity conditions, 
reduced gravitational force G values will have the advantage 
of increasing the stability of the nano and microemulsion. 

Fig. 3  Innovative astronaut pharmaceutical strategies
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Dantuma et al. investigated the stability of nanoemulsion in 
microgravity conditions using a 3D clinostat. They found 
that the nanoemulsion of various dosage forms was stable 
throughout 7 days, in which the globule size of the formula-
tion was also reduced [91, 92].

Nanoparticle and nanoemulsion

In addition, nanoparticle transport through a specialized 
uptake mechanism enhances the bioavailability of the dos-
age form. Likewise, it protects the drug from hydrolytic and 
enzymatic degradation by encapsulating it with polymeric 
nanomaterial. They also provide targeted drug delivery by 
attaching some conjugates with the polymer. Moreover, it 
will provide the photostability of the photolabile drugs. The 
desonide was loaded into nanoencapsulation using an oil 
core acai oil and medium chain triglycerides; it was found 
that the nano-encapsulated formulations show photostabil-
ity against UV-A and UV-C radiations. Acai oil prevents 
the desonide from photodegradation rather than medium-
chain triglycerides [93]. The solid lipid nanoparticle inte-
grated with hydrogel for the leflunomide drug incorporated 
into tween-80, phospholipon G90, and Compritol 888 ATO 
shows promising protection against sunlight exposure. The 
Leflunomide enclosed in the amber container was found to 
have 80% drug content after sunlight exposure [94].

Moreover, curcumin was a polyphenol compound that had 
high degradability in case of light exposure. The nanopre-
cipitation was prepared using the green surfactant curcumin 
incorporated into poly lactic-co-glycolic acid to enhance the 
photolabile properties. The sample was irradiated with laser 
light at 633 nm compared to pure curcumin [95]. In addi-
tion, the prepared nanoparticle shows efficient protection 
against laser light exposure in that 13-fold increased solu-
bility. Further, the studies of ellagic acid encapsulated into 
β-cyclodextrin nanosponges show a remarkable photostabil-
ity property. The prepared ellagic acid-loaded nanosponges 
were irradiated using the UV-A light. They analyzed that the 
degradation of the ellagic acid was higher at the initial stage. 
This was due to free ellagic acid in the nanosponges; after, 
its physical barrier was protected against UV radiation [96].

Self micro‑emulsifying drug delivery system

The self micro-emulsifying drug delivery system 
(SMEDDS) shows a promising drug delivery system for the 
hydrophobic drug substances. As it is an isotropic mixture 
of oil, surfactant, and co-surfactants. It will promptly con-
vert into oil in a water emulsion system when it reaches the 
gastrointestinal tract [97]. Additionally, it promotes bioavail-
ability by increasing the solubility of the drug product in 
the gastric and intestinal fluid. As well as it also enhances 
the photostability of the drug substance. The methotrexate 

SMEDDS prepared by tween 80, plurol, and castrol oil was 
formulated using the spray dryer in the solid carrier [98]. 
This methotrexate-loaded SMEDDS was carried over for 
the photostability studies for 12 weeks. They identified a 
small change in the color changes from yellow to orange in 
the pure methotrexate after exposure to the light sources. As 
in the case of the SMEDDS, it exhibits a promising effect 
on the photostability of methotrexate. Despite methotrex-
ate exploration on the surface, the attached solid dispersion 
technique explains the studies in UVA/UVB. Consequently, 
they analyzed that this technique prevents the photodegrada-
tion caused by irradiation. The photostability investigation 
on the resveratrol-loaded SMEDDS shows almost 85% of 
the optimal formulation’s drug content [99].

Multicomponent cocrystal

Cocrystal was one of the blooming strategies in the pharma-
ceutical industry. It provides various advantages of increas-
ing the bioavailability and stability parameters, including 
thermal, moisture, oxidative, and photo stress [100, 101].

Reiko Teraoka et al. investigated the furosemide cocrystal 
with different coformer of caffeine, urea, and nicotinamide. 
After irradiation with a D65 fluorescent lamp for 90 days, 
they identified that the cocrystal formed by nicotinamide 
showed 1.3% chemical degradation. Similarly, carbamaz-
epine was a photolabile drug in that the succinic acid and 
saccharin form one cocrystal produced higher stability 
[102]. Additionally, the nutrient molecule ubiquinol was 
highly oxidized in the presence of air, converted into ubiqui-
none, and reduced ubiquinol. The newly formed cocrystal 
with 3,4-dihydroxybenzoic exhibits higher stability under 
stressed conditions [103]. Likely, drug-drug cocrystal will 
also show a prominent synergistic effect, and the possible 
dose of the formulation can be reduced. It also enhances the 
higher photostability, as levofloxacin, an antibacterial agent, 
exhibits various degradation products upon light exposure. 
The levofloxacin-paracetamol cocrystal reveals a drastic 
improvement in physical and photostability [104].

In space medicine manufacturing from plants

On Earth, the efficacy of numerous medications tends to 
diminish after a year or six months, posing a challenge for 
Mars expeditions that may take twice as long. The limited 
storage capacity of spacecraft further complicates the issue, 
making it impractical to carry several years; worth of emer-
gency medications. However, researchers at TRISH (Trans-
lational Research Institute for Space Health) are focused 
on finding a solution through the exploration of synthetic 
biology—a cutting-edge approach to pharmaceutical pro-
duction [105]. By manipulating natural substances, they aim 
to create medications with enhanced stability, addressing the 
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critical problem of drug manufacturing in space. This inno-
vative field shows promising potential for revolutionizing the 
way medications are developed and used in space missions 
[106]. Scientists are exploring ways to enhance human radia-
tion resistance, and they have made significant progress by 
studying the genomes of tardigrades, which possess remark-
able tolerance to ionizing radiation. Meanwhile, space mis-
sions already rely on plants as essential cargo [107].

NASA provides funding to various organizations to carry 
out a research project to look at the viability of utilizing 
plants for pharmaceutical manufacture in space. A study 
team has created a transgenic lettuce that can produce para-
thyroid hormone (PTH), a crucial protein drug, to address 
bone loss, a major problem astronauts encounter. PTH, 
granulocyte-colony stimulating factor (GCSF), and granu-
locyte–macrophage colony-stimulating factor (GMCSF) 
genes were inserted into three different types of lettuce seed-
lings. This inventive lettuce can produce the required drugs 
to stop bone deterioration in space. The team successfully 
introduced the human parathyroid hormone gene into the 
plant’s DNA. This discovery opens the door to quick drug 
manufacture from genetically altered plants, which might be 
crucial for combating infectious disease outbreaks during 
space missions. With additional developments in this area, 
we might be able to find novel ways to protect the health 
and well-being of astronauts during protracted space travel.

3D printed medicine

Modern technologies, such as space manufacturing, offer 
potential solutions to the challenges faced in long-duration 
space missions. Among these advancements, 3D printing 
stands out as a particularly promising approach. NASA and 
Made in Space, Inc. sent the first 3D printer to the Interna-
tional Space Station in 2014, marking a significant milestone 
in off-planet manufacturing [108].

3D printing allows for the customization of medications 
in ways that traditional methods cannot achieve. By care-
fully selecting materials and adjusting settings, it becomes 
possible to modify both tablets’ external and internal struc-
tures. Due to technological advancements, drugs may now 
be made as powders that dissolve more quickly than tradi-
tional tablets, increasing their efficacy [109]. Additionally, 
3D printing enables accurate dose modifications catered 
to an individual’s physical state. It can also be utilized to 
produce loose porous pills, ease swallowing, and develop 
transdermal microneedle patches to reduce discomfort dur-
ing medication administration. The revolutionary potential 
of 3D printing technology might lead to a metamorphosis 
in the production and distribution of drugs in the future. 
Its capabilities in space and on Earth have the potential to 
revolutionize medical treatments, making them more per-
sonalized, efficient, and accessible [110].

Change of primary packaging material

The primary packaging for drug products used is the strips 
and blister in which one part has been covered with alu-
minum foil. This material has not been used for space 
pharmaceuticals as the nuclei from the radiation will strike 
the aluminum foil, producing the secondary particle. This 
secondary particle will affect the medicine present inside, 
which causes the formation of unstable drug products [111, 
112]. Similarly, to prevent the physical instability caused 
by the rocket propulsion system, thruster, and engine, the 
packaging material should be critically evaluated to meet the 
specific requirements of the pharmacopeia. Therefore, new 
polymer technologies and non-metals can be used to avoid 
the consequence of daughter ions cumulations and physi-
cal instability. Using a variety of high-density polyethylene 
impregnated with tungsten and boron impregnated will act 
as the shielding effect for the radiation [113, 114].

Further, multiple layers with hydrated organic porous 
matrices will provide the attenuation and deflection char-
acteristics. Even so, the ideal packaging material has to be 
subjected to long-term storage and use for future missions. 
The choice of the medium should consider the radiation sen-
sitivity and the expansion of shelf life.

Conclusion

Effective medical therapy plays an important role in suc-
cessful human space missions. During space missions, the 
effect of medicine depends on both aspects: physiological 
changes in astronauts and physicochemical changes in drug 
products. The physiological adaptation on the space mis-
sion is the critical parameter for the absorption, distribution, 
metabolism and excretion (ADME) of the drug product for 
the therapeutic action. Further, the data from the previous 
missions on GIT modification, cardiac deconditioning, pro-
tein binding, and the liver metabolic process will suggest 
support for the development of therapeutic doses for a longer 
duration of the mission.

The stability of pharmaceuticals depends on the length 
and duration of space missions. For short-duration space 
missions such as lunar or International Space Station (ISS) 
missions, data generated from the accelerated stability and 
SLEP studies will pave the way to understanding the phys-
icochemical changes in the selected drug products. Proper 
selection of primary and secondary packaging material can 
avoid physicochemical changes in the drugs due to excessive 
vibration during space missions. Apart from that, novel drug 
formulation strategies like SMEDDS, the use of antioxidant 
excipients, and cocrystal development will be very helpful 
for the stability of drug products.
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But for the longer duration mission, it is important to 
manufacture drugs using 3-D techniques or genetically mod-
ified plants at the time of use to get stable drug products. 
Such developments are anticipated to significantly contribute 
to new developments with applications both in space and 
on Earth.
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