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Background
Space exploration has led to human habitation in space 
while also raising questions about how to reproduce 
beyond the realm of Earth. The ambitious prospect of 
reproduction in space has spurred a new frontier in 
reproductive technology and innovation, bringing focus 
on this field to the forefront of future missions. Although 
animals have been sent to space since the 1940s [1], it is 
essential to emphasize an entire reproductive cycle (i.e., 
gametogenesis, fertilization, pregnancy, parturition) in a 
mammalian species has not yet occurred in space. Inves-
tigations into the possibility of reproduction in space can 
and have utilized approaches already developed for the 
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Abstract
As interest in deep space travel grows exponentially, understanding human adaptation in becoming an 
interplanetary species is crucial. This includes the prospect of reproduction. This review summarizes recent updates 
and innovations in assisted reproductive technologies (ART) on Earth, while also discussing current challenges and 
areas for improvement in adapting ART studies to the space environment. We discuss the critical components of 
ART - gamete handling and preparation, fertilization, embryo culture, and cryopreservation - from the daily practice 
perspective of clinical embryologists and reproductive endocrinologists and lay out the complicated path ahead.

In vitro embryo development in low Earth orbit and beyond remains questionable due to synergetic effects 
of microgravity and radiation-induced damage observed in simulated and actual in-space mammalian studies. 
Cryopreservation and long-term storage of frozen samples face substantial obstacles - temperature limitations, lack 
of trained personnel, and absence of adapted cosmic engineering options. We touch on recent innovations, which 
may offer potential solutions, such as microfluidic devices and automated systems. Lastly, we stress the necessity 
for intensive studies and the importance of an interdisciplinary approach to address numerous practical challenges 
in advancing reproductive medicine in space, with possible implications for both space exploration and terrestrial 
fertility treatments.
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same goals on Earth. The field of ART, which includes in 
vitro fertilization (IVF), provides many tools to approach 
the question of whether successful reproduction can 
occur in space.

Here on Earth, gamete handling, embryo culture, and 
cryopreservation methods have dramatically trans-
formed since the first IVF baby was born in 1978. To 
comprehend the impact of space on human reproduc-
tion, these advanced technologies are now being utilized 
to function in space’s demanding environmental condi-
tions while striving to overcome various biological and 
technical challenges. The space environment is filled with 
unique challenges such as radiation, gravitational forces, 
immune dysregulation, circadian rhythm changes, isola-
tion, stressors, and magnetic fields.

Previous studies have investigated the impact of space-
flight under simulated conditions on amphibian and 
rodent gametes and embryos, but few studies exist on 
the effect of spaceflight on human gametes [2]. We will 
discuss human gamete manipulation techniques, embryo 
culture conditions, and cutting-edge advancements in 
cryogenic technology and how they may be applied in 
orbit. In addition to providing the models and methods 
to study the effects of space on reproduction, develop-
ing a successful IVF approach in space may also open the 
door to using IVF in space programs as humans become 
an interplanetary species and attempt colonization off 
Earth. ART will be crucial to understanding how biologi-
cal specimens can be handled and preserved over long-
duration space flights. Developing an IVF system in space 
requires a multidisciplinary focus on technological inno-
vation, biological safety, and ethical considerations and 
will be highly challenging.

IVF Laboratory on Earth today: current practices
A modern clinical IVF laboratory is a highly specialized 
environment designed to support the delicate processes 
of gamete fusion and human preimplantation develop-
ment. An IVF procedure also consists of multiple steps 
(Fig. 1).

IVF relies on four essential elements for consistency 
and expected success. The first element is standardiza-
tion and protocol optimization. It is provided through 
detailed standard operating procedures and maintained 
by regular protocol reviews. The second element is pre-
cision in environmental stability. Human embryos are 
created and maintained in environments controlled for 
optimal temperature, humidity, pH, and osmolarity. In 
addition, the laboratory must provide high air quality 
and avoid contamination. Technological advancements 
in the last decade in culture media, incubation systems, 
and customized IVF laboratory equipment have led to 
the desired precision of controlling the culture and gam-
ete/embryo handling conditions. The third element is a 
quality control, assurance, and management program 
that provides consistently high clinical success rates. The 
final element is personnel [3]. Handling and manipulat-
ing precious gametes and embryos require extraordinary 
hand-eye coordination, attention to detail, and focused 
care. Clinical embryologists possess a unique skill set and 
go through vigorous training to achieve the desired suc-
cess. It typically requires at least three years of training to 
perform all aspects of procedures in the IVF laboratory 
with acceptable precision and accuracy [4, 5]. Further, the 
quality and monitoring of IVF labs are regularly assessed 
by key performance indicators (KPIs) [6].

Gamete retrieval and handling: oocytes and sperm
Retrieval and processing of oocytes and sperm on Earth
Typically, oocyte retrieval for IVF is preceded by con-
trolled ovarian hyperstimulation to harvest multiple 
oocytes [7]. The medical management of stimulation 
relies on regular ultrasound evaluations and monitoring 
of hormone levels to track follicle development. With the 
current technology, these steps are challenging to apply 
in a space environment.

Retrieval of oocytes from follicles is typically per-
formed transvaginally using an ultrasound-guided needle 
under general sedation. In some cases, oocyte retrieval 
can be done transabdominally. Follicular fluid is aspirated 

Fig. 1  Schematic representation of the main steps of IVF
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from punctured follicles into tubes and passed to the 
embryologist for search under a stereomicroscope for 
the presence of cumulus-oocyte complexes. After the 
oocytes surrounded by cumulus cells are identified, they 
are transferred into a culture dish for further processing. 
As an invasive procedure, oocyte retrieval demands strin-
gent sterility, complications prevention, and specialized 
medical training for personnel. Given these complexi-
ties, retrieving fresh oocytes for subsequent fertiliza-
tion or preservation in space currently is not feasible. 
In addition, the manipulation of liquids under micro-
gravity conditions is quite challenging. Fluids cannot be 
easily transferred from one container to another as they 
tend to form sphere droplets and float. Under simulated 
microgravity conditions during paraboloid flight, simple, 
widely used techniques like pipetting and fluid aliquot-
ing were proven to be feasible [8, 9]. However, multi-step 
manipulations are required to handle gametes in IVF. 
These manipulations are quite challenging and will be 
difficult to implement in space. Moreover, due to the sur-
face tension of the test tube containing the fluid, it may 
be impossible to retrieve all the contents for analysis. 
These challenges may be avoided using closed, automated 
microfluidic systems currently in development.

Sperm samples for IVF are typically collected via 
ejaculation through masturbation, which is physiologi-
cally possible in space [10]. Raw ejaculate is subjected 
to specific processing steps to initiate capacitation and 
maximize sperm fertilization potential before IVF. The 
two standard methods for sperm preparation are swim-
up or density gradient [11]. Both require the transfer of 
semen from collection containers to tubes with subse-
quent selection, washing, and concentration steps. Both 
methods are centrifuge-dependent and will be difficult to 
perform due to the challenging nature of multi-step fluid 
manipulations in microgravity (µg). Commercially avail-
able sperm-sorting microfluidic devices can be a solution 
because they aim to separate spermatozoa without cen-
trifugation and require minimal intervention [12]. These 
devices rely on sperm movement through a channel or 
thin, porous membrane. After incubation of samples at 
37℃, the best-performing spermatozoa gradually move 
from the initial load section to a media-filled compart-
ment and are collected for subsequent usage. Though 
effectiveness of sperm sorting devices in microgravity 
environment has not been tested yet, this approach with 
some adaptations may be a promising tool for sperm 
handling in space conditions.

Studies on mammalian gamete performance in simulated 
space conditions
Exposure of gametes to space conditions introduces 
risks of multiple stress factors, including gravitational 
changes, cosmic radiation, vibrations, and magnetic 

fields. Disruptions in the hormonal milieu could also 
impair the gametogenesis. Cell-free RNA samples from 
astronauts demonstrated changes in estrogen receptor 
gene expressions after spaceflight [13]. These risks may 
intercalate, creating a synergetic effect that is difficult 
to address [14]. In vitro simulations enable scientists to 
study the individual impact of known stress factors of 
space flight with convenience and reduced cost [15]. To 
investigate the impact of microgravity on human sperm 
motility, 18 washed semen samples from healthy donors 
were treated with clinostat rotation and parabolic flights 
to imitate space conditions [16]. Spermatozoa subjected 
to microgravity (µg) conditions had lower motility and 
altered linear movement, though this could be an adap-
tive reaction to change in gravity. This potential explana-
tion is supported by a study reporting that microgravity 
does not affect fertilization in mice [17]. In a parabolic 
flight study, human frozen sperm samples were exposed 
to microgravity for 8.5 s in each parabola, and they exhib-
ited similar sperm functions compared to ground con-
trols [18]. But it is important to note that the exposure 
to microgravity in parabolic flights is significantly shorter 
than the exposure during long-term spaceflight.

Gravitational changes and space radiation may nega-
tively affect the fertilization capacity of spermatozoa, 
which are highly specialized cells with reduced damage 
repair potential and temporarily terminated transcrip-
tion and translation [19]. Tail suspension model and 
carbon ion beam irradiation were used to evaluate the 
effects of these negative factors on apoptosis, prolifera-
tion, and cell DNA damage levels in Swiss Webster mice 
testis [20]. Simultaneous exposure to microgravity condi-
tions and irradiation decreased epididymal sperm count 
and viability, increased spermatogenic cell apoptosis, and 
sperm DNA fragmentation indices reflecting disrupted 
spermatogenesis. A recent review on sperm functions 
under both simulated conditions and actual spaceflight 
reported decreased sperm motility and increased sperm 
DNA fragmentation in samples exposed to microgravity 
and ionizing radiation [20, 21].

In the human oocyte, cytoskeletal components, and cel-
lular organelles, crucial to oocyte maturation and compe-
tence, are sensitive to changes in gravity conditions [22, 
23]. A recent experiment involving 24  h incubation of 
mature human oocytes in a 3D-clinostat with subsequent 
light and electron microscopy observations of their semi-
thin sections revealed significant ultrastructural changes 
induced by microgravity exposure. In particular, studied 
oocytes tended to have unevenly expanded perivitelline 
space, thicker zona pellucida, and irregularly aligned 
cumulus cells [24]. These structural changes may impact 
the fertilization of oocytes. Microgravity also affected the 
smooth endoplasmic reticulum shape with accumulation 
of large complexes of mitochondria and excessive fission 
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of these organelles, indicating the presence of meta-
bolic distress leading to cellular regression. The shift-
ing of spatial mitochondria distribution from aggregates 
to complexes and the abundance of hooded, swollen, or 
irregular mitochondria in oocytes exposed to micrograv-
ity resembles the changes attributable to oocyte aging 
[24]. Though alterations of mitochondrial structure pos-
sibly represent a common adaptive mechanism observed 
in other cell types [25, 26], these altered organelles are 
directly inherited by the embryo and may compromise 
subsequent development.

Murine oocytes displayed induced autophagy with an 
accumulation of large peripheral vacuoles in simulated 
microgravity [27]. Abnormalities of intercellular com-
municative structures, like oocyte microvilli and granu-
losa cell projections, led to decreased quality of murine 
oocytes if ovarian follicles were exposed to microgravity. 
The culture of follicles in a rotating system caused the 
downregulation of actin-associated genes and an increase 
of intracellular reactive oxygen species in oocytes [28]. 
Exposure of mural immature oocytes to microgravity 
conditions severely disrupted their maturation due to 
cytoplasmic blebbing and 𝝲-tubulin-dependent spindle 
organization disturbance. Moreover, during in vitro 
maturation, microtubules and chromosomes could not 
assemble a functional spindle under microgravity condi-
tions, rendering meiosis I completion almost impossible 
[23]. After 6 h in simulated microgravity, murine oocytes 
preserved stable levels of actin and acetylated alpha-
tubulin. Still, cytoskeleton molecules tended to redis-
tribute from the cortical to the central part of the oocyte 
[29]. Despite oocyte chromosome migration to the 
periphery and formation of actin cortical caps, gametes 
failed to extrude the first polar body. It may be assumed 
that microtubules primarily suffer from microgravity, 
while microfilaments remain functional in space condi-
tions [23].

Ionizing radiation is a concern for gametes and oocytes 
may also suffer from the addition of radiation-induced 
mutagenesis and organelle damage. Murine oocytes are 
susceptible to Krypton-78 and ultraviolet-B irradiation 
with massive caspase activation leading to necrosis, while 
bovine oocytes adapt by rapid activation of DNA repair 
mechanisms [30]. Mammalian germ cell response to low-
dose cosmic radiation likely varies across species, under-
scoring the importance of investigating the response of 
the human gamete to the influences of such hazards.

Fertilization: what is done in the IVF laboratories 
on Earth and what was achieved in space
In clinical IVF, the two standard methods of oocyte fer-
tilization are conventional insemination (cIVF) and intra-
cytoplasmic sperm injection (ICSI). cIVF mimics natural 
fertilization by adding processed capacitated sperm to 

oocyte-cumulus complexes in a dish. This method is 
effective with normozoospermic samples and presents 
a less technologically demanding option that still offers 
substantial efficacy in suitable cases without the bulky 
and sensitive micromanipulation equipment required 
for ICSI. The latter, designed to address male infertil-
ity, requires injection of a single selected and manu-
ally immobilized spermatozoon into the cytoplasm of a 
mature oocyte using a micromanipulation device oper-
ated by a trained embryologist. This fertilization method 
has become a cornerstone in fertility treatments, being 
used in approximately 70% of all IVF cycles regard-
less of the underlying infertility issue [31]. ICSI requires 
stripping of cumulus cells surrounding oocytes through 
enzymatic and mechanical treatments to identify those 
displaying the first polar body and are eligible for injec-
tion. However, ICSI necessitates additional equipment 
(an inverted microscope with micromanipulators) and 
highly skilled personnel. The success of this fertiliza-
tion method relies heavily on the expertise of embryolo-
gists, as their skill in performing this delicate procedure 
can significantly impact the outcome [32]​​. The rigorous 
multistep nature of ICSI is particularly challenging under 
microgravity conditions encountered in space.

Several studies indicated microgravity and space-
flight conditions have no detrimental effects on fertiliza-
tion and embryo development in fish, amphibians, sea 
urchins, Drosophila melanogaster, and birds [33]. Unfor-
tunately, mammalian fertilization in microgravity is very 
complicated and specialized compared to non-mamma-
lian animals. Fertilization rates achieved when murine 
oocytes were incubated with sperm in a rotating clinostat 
were comparable to controls, and retrieved zygotes con-
tributed to normal pregnancies and the birth of healthy 
offspring when transferred to foster mothers [17]. On the 
contrary, pregnancies were not achieved during the pio-
neer 18.5-day spaceflight experiment Cosmos 1129 [34], 
where five female and two male rats were sent into orbit 
and allowed to mate. Similarly, none of the inseminated 
bovine oocytes subjected to simulated microgravity in 
the High Aspect Ratio Vessel device were fertilized [35].

Successful in vitro fertilization by cIVF or ICSI in space 
requires human sperm to maintain motility and capaci-
tate in the microgravity environment. NASA’s Micro-11 
experiment is one of the first studies investigating human 
sperm performance on the International Space Station 
(ISS). Frozen donor sperm samples were thawed in a spe-
cial box and compared to ground control samples. The 
experiment examined the capacitation of human sperm 
through time-dependent activation. Results showed that 
sperm motility was significantly reduced in microgravity 
compared to Earth controls. Additionally, sperm capaci-
tation was affected through inhibition of necessary bio-
chemical changes for fertilization [36]. Based on these 
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findings, we may expect impairment of fertilization in the 
space environment.

Embryo culture and handling: today and tomorrow
Acknowledging the difficulties of oocyte retrieval, gam-
ete manipulation, and fertilization, research focusing on 
more advanced stages of embryo development might be 
more achievable. The current state of the art of in vitro 
human embryo culture mimics the intrauterine envi-
ronment through use of specifically composed media 
often overlaid with oil. Non-toxic, non-pyrogenic plas-
tic dishes are used to culture fertilized oocytes for 5–7 
days in incubators, which maintain specific temperature 
and gas levels but require reliable long-term electricity 
and - what is quite challenging in space conditions – gas 
supply. Current standards of care feature uninterrupted 
stable conditions fulfilled by a single-step medium com-
prised of a wide range of necessary components used by 
the embryo according to its stage-specific needs: lactate, 
pyruvate, and glucose as energy sources, essential and 
non-essential amino acids, protein, vitamins, and micro-
elements in buffer solutions. Media composition for 
embryo culture is well-established and proven to support 
success. However, these media have been optimized for 
Earth’s atmosphere and operate under the assumption of 
gas availability to provide appropriate pH. Maintaining 
proper conditions for maximum embryo performance 
in the resource-limited environment of the ISS is chal-
lenging, primarily due to the required uninterrupted gas 
supply for incubators. Modern embryo culture depends 
on bicarbonate-based media which maintain optimal pH 
of 7.2–7.4 through the formation of carbonic acid under 
regulated CO2 level [37]. Alternative buffer systems, such 
as HEPES and MOPS, which maintain pH in atmospheric 
air, are only suitable for short-term manipulations and 
can negatively affect embryos with prolonged exposure. 
Additionally, low oxygen culture conditions, achieved by 
reducing atmospheric oxygen to intrauterine levels (typi-
cally 5%) by nitrogen supply to culture chambers, are a 
significant limiting factor for implementing established 
embryo culture techniques during space travel. Establish-
ing specific conditions to attain acceptable outcomes of 
embryo development, including air-purification of vola-
tile chemical compounds and maintenance of sterility to 
prevent bacterial and fungal contamination of samples, 
pose additional challenges.

Apart from the difficulties of simulating optimal con-
ditions for in vitro embryo culture, space possesses 
additional hazards, such as radiation and gravitational 
changes, that may adversely influence human embryo 
development. Due to the ethical limitations of studying 
human embryos, we must rely on mammalian models to 
predict preimplantation human development in space 
conditions, and these predictions are dismaying. For 

example, of the 49 mice embryos launched into space on 
the Columbia STS-80 mission, 0 progressed in develop-
ment, and all degenerated over the study period [22, 38]. 
Developmental capacity of murine 4-cell embryos and 
blastocysts in space was studied during the SJ-8 Satellite 
launch into orbit. As samples were not destined to return 
to Earth, their growth in a sealed embryo incubator was 
tracked with micrography for 72 h. 4-cell samples did not 
progress in space, while the control group of embryos 
on the ground successfully reached the hatching blasto-
cyst stage, suggesting space flight factored into embryo 
degeneration [39]. The mission of the SJ-10 recoverable 
satellite also investigated the patterns of murine preim-
plantation development on 3400 2-cell embryos cultured 
in sealed incubators and regularly filmed or fixed in des-
ignated units after 64 h of culture. Though blastocyst for-
mation and morphology were significantly compromised, 
this experiment provided conditions to support embryo 
development in space [40]. The cellular differentiation 
pattern of blastocysts formed in orbit was altered, and 
severe DNA damage and global hypomethylation of the 
genome were evident. These adverse effects on embryo 
development were mainly attributed to space radiation. 
Still, they may be due to the synergetic influence of low-
dose prolonged irradiation and microgravity inducing 
gene expression or methylation alterations [40].

Studies utilizing simulated microgravity conditions 
showed a significant decrease in morula and blastocyst 
formation rates for murine embryos cultured for 96  h 
[17]. Similarly, after prolonged culture under 3D rota-
tional conditions, murine blastocysts displayed slower 
development and decreased number of trophectoderm 
cells with preserved polarization patterns compared 
to controls [41]. Furthermore, long-term incubation of 
embryos under microgravity led to a significant decrease 
in live birth rate compared to control samples (5% vs. 
21%). The decreased implantation potential of study blas-
tocysts could be attributable to impaired trophectoderm 
differentiation due to delayed Oct4 downregulation [41]. 
Bovine zygotes and cleavage-stage embryos placed in a 
Rotating Cell Culture System bioreactor failed to develop 
into morulae or blastocysts [35]. Still, it should be noted 
the microgravity simulation process itself may generate 
shear stress on embryos, affecting predominantly outer 
embryo cells destined to become trophectoderm [42].

Like other cells [26, 43], human embryos are gravity-
dependent, and their proliferation and differentiation 
patterns could be modulated under microgravity condi-
tions. The underlying mechanism behind these changes is 
still unknown. Cytokine production and signal transduc-
tion may be the best candidates for evaluation as these 
systems are crucial for early mammalian development 
[17]. Also, microgravity may alter epigenetic modifica-
tion of genes and chromatin structure [40, 42], activate 
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stress response through protein kinase activity [44], and 
change NO and oxidants balance [45]. Although simu-
lated microgravity does not impair cell proliferation in 
murine embryonic stem cells, a decreased adhesion rate 
and delayed DNA repair have been demonstrated, which 
may be exacerbated under synergetic influence of cos-
mic radiation [46]. In microgravity conditions, altered 
cell and adjacent fluid-filled cavity (blastocele) buoyancy 
and abnormalities of fluid convention within the embryo 
may become excess stress factors [47]. The cytoskeleton 
and organelles may also be susceptible to displacements 
under microgravity and shear forces, causing cells to 
rotate and compensate for the mild effects of µg. This 
adaptive mechanism may be disrupted during implanta-
tion, and shear stress may become an additional factor 
interfering embryo with implantation [42].

Cryopreservation and storage
Cryopreservation of oocytes, sperm and embryos - current 
practice
Even the most advanced culture conditions in IVF labo-
ratories cannot support embryo development beyond 
day 7, necessitating either the transfer of embryos to 
the uterus or their cryopreservation. Slow freezing, 
once common in the early days of IVF, has mainly been 
replaced by vitrification, an efficient method for cryo-
preserving microscopic multicellular structures like 
embryos. During vitrification, samples are equilibrated 
in a highly concentrated solution of cryoprotectants 
for dehydration and placed on specialized devices in a 
minimal amount of accompanying solution with subse-
quent direct depositing into liquid nitrogen. This enables 
cooling of living cells to cryogenic temperatures in the 
absence of ice formation eliminating the risk of mechani-
cal injury to cell membranes and organelles [48]. The 
warming process reverses the procedure through a rapid 
plunge of the sample into a 37  °C 1 M solution of non-
permeating cryoprotectant. This rapid action allows the 
sample to avoid ice formation and osmotic shock and 
is followed by washing steps to remove cryoprotective 
agents before settling in culture conditions. Vitrification 
is a robust procedure which provides high survival rates, 
exceeding 99% for embryos and 95% for oocytes [6, 49]. 
The advancements in gamete cryopreservation offer a 
potential alternative involving fertilizing warmed oocytes 
with fresh or frozen sperm with comparable to fresh 
oocyte success rates [50, 51].

Manipulation with low-volume droplets of viscous 
solutions during vitrification and warming demands 
extensive training and may be feasible to accomplish 
without trained personnel on the ISS. Under micrograv-
ity conditions, droplets of a media with embryos would 
float, making typical operations used on the ground 
impossible in space. It poses the necessity to invent a 

completely closed system with gradual medium exchange 
for embryo equilibration with cryoprotectants during 
preparation for vitrification and slow cryoprotectant 
removal in the warming cycle, which is currently unavail-
able. In addition, liquid convection is absent in weight-
lessness. Therefore, culture and vitrification/warming 
media exchange is complicated and requires supplemen-
tary manipulations, e.g., shaking or stirring [52]. Auto-
mated vitrification systems could potentially be adapted 
for the whole cycle of sample cryopreservation and 
warming in a closed environment.

Furthermore, vitrified samples must remain stored 
under stable conditions; even short-term temperature 
increases above − 130 °C can lead to specimen loss [48]. 
In IVF clinics, vitrified oocytes and embryos are pre-
served in liquid nitrogen or its vapors in cryotanks under 
constant monitoring of laboratory staff and alarm sys-
tems. Due to pressure change concerns, sealed containers 
with liquid nitrogen are unsafe on the ISS and the coldest 
available freezer can only maintain − 95 °C [54]. An unin-
terrupted liquid nitrogen supply is crucial for safe storage 
on Earth and could be an important limiting factor for 
long-term embryo transportation in space. Also, space 
radiation may induce mutation accumulation in trans-
ported samples whose repair systems are inactive in the 
frozen state [53], limiting the continuance of space travels 
with embryos or gametes on board.

Yet perhaps the most practical application of ART 
in the space program will be the development of opti-
mal vitrification and warming protocols in space con-
ditions and, most importantly, the implementation of 
new, preferably fully automated, cryostorage systems. 
These technologies are crucial to develop in support of 
long-range space travel. Humans may one day populate 
extraterrestrial systems and will age as they undergo 
these enormous travel distances and time frames. A fer-
tility preservation program will be integral to population 
growth. With this in mind, early steps have been taken 
to establish a freezing program in the space environment 
and engineer potential storage technologies. These tech-
nologies will be particularly important beyond low Earth 
orbit (LEO) in planets with extreme temperatures and 
exposure to deep space radiation.

Results of attempted warming of frozen mammal samples 
in ISS conditions
Wakayama et al. [54] have developed an embryo thaw-
ing and culturing unit (ETC), representing a significant 
advancement in the cryopreservation of embryos in 
space. This new protocol and device were essential to 
overcome current challenges, allowing for the successful 
thawing, washing, and culturing of mouse 2-cell embryos 
in the unique environment of the ISS. During the testing 
of equipment after one month of storage at -80 °C, 32.7% 
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of the embryos progressed to the blastocyst stage. The 
ETC employs a high osmolarity vitrification method [55], 
enabling the preservation of embryos at -80  °C for sev-
eral months without liquid nitrogen. In their trial experi-
ments on the ground, researchers demonstrated embryos 
could be retrieved and developed into blastocysts with a 
recovery rate ranging from 24 to 78% and development 
rates reaching up to 100%. This success paves the way 
for further reproductive experiments in space and has 
potential applications in clinical infertility and animal 
biotechnology on Earth. The ETC’s ability to be used by 
untrained personnel, such as astronauts, marks a signifi-
cant improvement in the feasibility of conducting com-
plex biological experiments in space.

An invented device was used during an experiment 
involving 720 two-cell mice embryos cultured for four 
days in microgravity and artificial 1 g conditions aboard 
the ISS in September 2021 [52]. Though embryo recov-
ery rates for microgravity and artificial 1  g were 20% 
and 16.9%, which were significantly lower than those 
achieved in the ground laboratory control (37.2%), 
untrained astronauts could retrieve enough blastocysts 
to conduct subsequent genetic and cellular studies of the 
launched samples. From the recovered embryos, 23.6% 
developed into blastocysts under microgravity at ISS. 
The study revealed murine embryos may form blasto-
cysts when cultured in space. Moreover, cell numbers, 
trophectoderm, and ICM developmental patterns with 
respect to Nanog and CDX2 antibody binding, as well as 
gene expression profiles, were comparable for orbit- and 
ground-cultured samples. Interestingly, continuous rota-
tion used to generate artificial gravity and simulate Earth 
conditions on the ISS affected embryo development 
and led to a decreased blastocyst rate and less cellular 
embryos [52]. As sterile conditions cannot be appropri-
ately maintained in space, all the used thawing and cul-
turing devices displayed signs of bacterial contamination, 
posing an additional threat when the possibility of human 
embryo culture during spaceflight is considered.

Advancements in oocyte freezing have enabled the 
option of donor egg banking and present a reasonable 
scenario for delayed parenthood. On Earth, planned 
oocyte vitrification is an option to preserve future fertil-
ity. However, oocyte cryopreservation tends to be more 
challenging than blastocysts, with lower survival rates 
due to the low surface-volume ratio leading to compli-
cated equilibration of these large cells. Vitrification of 
oocytes may lead to spindle disassembly, subcellular 
abnormalities, subsequent fertilization failure, or altered 
embryo development [56–58]. Thus, oocyte freezing and 
warming are a matter of concern on Earth due to their 
sensitivity, and handling in orbit will be a challenge for 
untrained personnel of the ISS.

Luckily, freezing and warming of sperm samples is 
efficient and straightforward. Male gametes are abun-
dant and more easily accessible subjects to study the 
effect of space conditions. These cells have a decreased 
cytoplasmic volume, specific composition and fluidity 
of membranes, rendering them less prone to intracellu-
lar crystallization and cryodamage and even tolerant of 
freeze-drying. The Wakayama team studied the impact 
of cosmic radiation on DNA integrity and fertilization 
capacity of freeze-dried mice spermatozoa in 2013–2014. 
Samples stored on ISS for nine months at -95  °C were 
used for fresh oocyte fertilization after landing. Though 
these sperm samples had significantly higher DNA frag-
mentation levels, embryos developed into blastocysts 
that successfully implanted and produced genetically 
normal and fertile offspring [59]. The authors surmised 
that acquired irradiation will not affect the quality of 
mammalian spermatozoa and their offspring’s health, 
even if freeze-fried spermatozoa are stored for more than 
200 years [60]. They also hypothesize the oocytes could 
repair DNA breaks acquired by irradiated sperm during 
the first cell division cycle [59]. However, Yoshida et al. 
reported changes in mouse testes’ transcription factors 
and alterations in spermatozoa microRNA expression 
profiles. Additionally, space-flown sperm produced F1 
progeny, but epigenetic changes were observed in liver 
gene expressions in the next generations [61]. Although 
there are morphological and physiological differences 
between murine and human sperm, the studied effects of 
microgravity in the mouse testes and spermatozoa may 
potentially be observed in human. Further studies using 
human samples will be necessary to elucidate effects.

New updates on automation and robotics solutions 
on the ground and possible utilization in space
The repetitive and high-precision nature of IVF labora-
tory tasks lends itself to developing automated systems. 
Unsurprisingly, automation has become a recent focus of 
clinical IVF research [62, 63]. Microfluidic devices and 
lab-on-a-chip technologies utilize small channels and 
automated mechanisms to manipulate small volumes of 
liquid accurately, which may provide precise and reliable 
liquid handling in space. These solutions help maintain 
the stability and reliability needed for different experi-
mental approaches and procedures in microgravity.

Microfluidic devices developed to automate oocyte 
retrieval may become a tool in a microgravity environ-
ment and are currently under development. One example 
of an effort to mechanize IVF procedures is an oocyte col-
lection device which is intended to isolate gametes from 
the follicular fluid during a retrieval. It is also designed to 
denude oocytes and assess their maturity before ICSI in 
cases of male-factor infertility [63]. Under microgravity 
conditions, this operation sequence is challenging, even 
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with the most experienced embryologist. Automated or 
semi-automated microfluidic systems for oocyte retrieval 
may provide solutions for future microgravity prob-
lems. Microfluidic devices were specifically designed to 

perform cumulus cell removal as described by Zeringue 
et al. [64] and Weng et al. [65] (Fig. 2).

Similarly, conventional microdroplet embryo culture 
and gamete handling are complicated to implement in 
space if possible. Several designs employing a traditional 

Fig. 2  The denudation devices proposed by: (A) Zeringue et al. (2001) and (B) Weng et al. (2018)
(A) Device created from polydimethylsiloxane with channels of oocyte-cumulus complex size (400 μm) is implemented for tracking and denudation of 
the oocytes. Two narrow regions of the microchip reorient the cumulus into a doughnut shape, while two ports (channels significantly narrower than 
the ovum) are used to remove the cumulus. The device uses pressure-driven flow to properly position and denude the oocytes. (B) The microfluidic 
device implicates denudation of enzyme-treated cumulus–oocyte complexes by flow-guided passage through a series of jagged-surface constriction 
microchannels of optimized geometries. The jagged inner wall of the channels is stripping off cumulus–corona cell mass. Reprint with permission from 
“Automation in Clinical Embryology Laboratories – What is Next?” by Halicigil C., Ogut M.G., Demirci U. © 2023, World Scientific
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IVF approach with microfluidic models have been devel-
oped on Earth. These designs typically utilize a system 
stabilizing oocytes using microsieves or microwells posi-
tioned along channels. This setup allows sperm to flow 
through narrow pipelines towards the oocyte, increasing 
fertilization chances even with lower sperm concentra-
tions than conventional insemination. One of the most 
comprehensive examples of a microfluidic approach is 
the microwell array that allows fertilization and embryo 
culture processes in an integrated fashion [66] (Fig.  3). 
This approach may solve the pitfalls of microgravity and 
handling during conventional insemination.

The proposed device consists of microchannel in the 
upper layer and a microwell array in the lower layer, 
with inlet and outlet connected to the microchannel. 
Square-shaped microwells are located in shifted rows 
to trap oocytes efficiently. During the loading of the 
device, oocytes are randomly trapped in the microwells 
with subsequent addition of the sperm suspension. It is 
implied that debris and spermatozoa may be removed 
from wells with the flow generated by syringe pump with 
simultaneous change of the fertilization medium to cul-
ture medium after incubation. Obtained embryos may be 
cultured in the device for 5–6 days, individually moni-
tored and tracked, and washed out of the microwells by 
pipetting for further manipulation.

The foundational work of Lu et al. [67] on auto-
mated robotic ICSI (ICSIA) significantly contributed to 

advancements that led to the thriving live birth of the 
first babies conceived through automated ICSI in 2023 
[68], showcasing the practical application and potential 
of automated reproductive technologies. This robotic 
system automates critical steps of the ICSI procedure, 
such as alignment and penetration of the oocyte by the 
injection pipette using piezo pulses, which are controlled 
by advanced artificial intelligence (AI) algorithms [68]. 
Although some steps, like sperm immobilization and 
release, still require manual intervention, the ICSIA 
system reduces the variability and potential damage to 
oocytes, thereby enhancing the consistency of the proce-
dure. Regarding performance metrics, the ICSIA system 
has demonstrated fertilization and blastocyst formation 
rates similar to manual ICSI. For instance, in clinical tri-
als, the fertilization rate for oocytes injected with ICSIA 
was 92.5%, and the blastocyst formation rate was compa-
rable to manual methods [68]. Thus, it may be a powerful 
instrument to obtain fertilization ICSI in space, even if 
performed by untrained personnel.

Furthermore, technological advancements like robotic 
and Internet of Things (IoT) devices may help resolve 
the problem with remote IVF. At the Alpha conference 
in Lisbon (2024), the first remote ICSI was presented 
as an embryologist performing the procedure remotely 
using IoT technology connected to a micromanipulator. 
This approach may resolve the hurdle of trained person-
nel availability in orbit as there may be the possibility of 

Fig. 3  Integration of fertilization and development in a microwell array proposed by Han et al. (2010). Reprint with permission from “Automation in Clini-
cal Embryology Laboratories – What is Next?” by Halicigil C., Ogut M.G., Demirci U. © 2023, World Scientific
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performing the manipulations remotely with automation 
solutions in the future. Many modern startups focused 
on robotic and AI models that streamline various aspects 
of the IVF process are developing innovative products 
and prototypes to automate IVF labs. These models are 
designed to handle and culture embryos with high pre-
cision, thereby reducing the manual nature of traditional 
IVF procedures [67].

Conclusion
Transferring current IVF practices to space presents 
significant challenges. The ethical limitations of using 
human subjects in space-based IVF research and the 
extremely low efficiency of existing IVF techniques in 
microgravity make this endeavor highly impractical. 
Artificial gravity in space may tackle the issues stemming 
from microgravity; however, its impact on cells and tis-
sues needs to be investigated further. Besides gravity, the 
impact of space radiation on human gametes, fertiliza-
tion and embryo development also needs to be explored. 
We also need to understand the impact of space-related 
factors not only on the quantity but also on the quality 
of gametes and embryos. Identifying the optimal cryos-
torage environment in space is essential for preserving 
biological integrity and ensuring the viability of cells and 
tissues under extraterrestrial conditions.

Currently, most manipulations in clinical embryol-
ogy are operator dependent. Fully automated systems 
are in development, but not yet widely implemented in 
clinical practice. Moreover, even basic laboratory proce-
dures must be optimized for low Earth orbit and beyond, 
which poses another obstacle to performing IVF in space. 
Therefore, there is still a long way to go in managing 
gamete handling, fertilization, embryo culture, and utili-
zation in space.

Numerous simulated and actual space studies of pre-
implantation embryo development are necessary to 
understand and address the cellular mechanisms con-
tributing to embryo development in microgravity [22]. 
Space-based mammalian, and particularly human repro-
duction research, is crucial for understanding human 
fertility to even begin the discussion of long-term space 
flights and other planets’ colonization.

In conclusion, gamete retrieval, fertilization, embryo 
culture, and manipulation under space conditions present 
significant challenges. Advances in culture conditions, 
procedure automation, and rigorous environmental and 
manipulation control are critical for future reproductive 
research in space travel. Despite these obstacles, the opti-
mal path forward is adapting current IVF technologies 
for space research. By doing so, we can gain invaluable 
insights into human reproduction in space and on Earth. 
This knowledge could lead to advancements in reproduc-
tive medicine, ultimately enhancing our understanding 

of fertility and aiding in developing more effective repro-
ductive technologies for all environments.
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