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Abstract
Three-dimensional bioprinting has developed tremendously in the last couple of years and
enables the fabrication of simple as well as complex tissue models. The international space
agencies have recognized the unique opportunities of these technologies for manufacturing
cell and tissue models for basic research in space, in particular for investigating the effects of
microgravity and cosmic radiation on different types of human tissues. In addition,
bioprinting is capable of producing clinically applicable tissue grafts and its implementation
in space therefore could support the autonomous medical treatment options for astronauts in
future long term and far-distant space missions. The article discusses opportunities, but also
challenges of operating different types of bioprinters under space conditions, mainly in
microgravity. Whereas some process steps, mostly involving handling of liquids, are
challenging, microgravity on the other side helps to overcome problems like cell
sedimentation in low viscous bioinks. Hopefully, the publication will motivate more
researchers to engage in the topic, as soon publicly available bioprinting opportunities will

become available at the International Space Station ISS.

1. Introduction

Since Yuri Gagarin completed one orbit of the Earth back in 1961 on board the Vostok 1
capsule, human space flight has seen tremendous progress and achievements, always
supported by major technological developments. The establishment of the International Space
Station (ISS) in 1998 in low Earth orbit (LEO) represented an important milestone for space
exploration allowing for scientific research in biology, physics, astronomy, and other fields, to
be conducted under microgravity conditions. Today and after more than 400 space flights and
65 missions, the ISS remains instrumental in supporting human exploration missions to the
Moon and Mars providing a base for staging, maintaining, and testing exploration capabilities
in LEO. The human quest for the reaches of the universe, trying to find answers to
fundamental questions underpinning our existence and place in the cosmos, will inevitably
cause space missions to become longer and to travel further into deep space, eventually

culminating with the establishment of permanent human-tended bases on other planets ['1.

Space and spaceflight have never been so present in our daily lives as they are now, and it is
not difficult to imagine that in the not-too-distant future, travel to space might even become
common for non-astronauts. But why space, and why now? The answer is not straightforward
and the benefits that space can produce in our lives are just being realised. By unveiling the

secrets of the universe, we hope to develop a better understanding of our world on Earth,
3



WILEY-VCH

pushing the boundaries of science and knowledge to develop new technology that will help
foster new industries with significant socioeconomic impact for our human society. This is
true for many sectors of our industry, but in particular for the health & life sciences sector
which is undoubtedly one of the major users of the space environment 21, With growing
investment and commitment from both public and private sectors, the pace of R&D is also
expected to increase, enabling to overcome a number of open challenges associated with

human exploration of space, starting with political, technological and medical issues.

Medical challenges are particularly relevant for the success of costly missions within deep
space (e.g., towards Mars), where the health of the astronauts can be impacted by a number of
space stressors, including radiation and microgravity. This raises serious health threatening
risks such as bone fractures (caused by loss of bone density), cardiovascular incidents or even
an increased risk for specific cancers 1. On site, medical care is often compromised by the
lack of storage space or specialised equipment, and a fast return to Earth for emergency
medical assistance or surgical intervention is clearly impossible in deep space missions due to
the long traveling distances and the need to wait for specific planetary constellations. This
poses extra pressure on the space crew, already reliant on limited resources, to carry out

efficient medical procedures in a self-autonomous manner.

Additive manufacturing (AM) has been identified as a production principle that provides
opportunities for flexible fabrication of objects for utilization in space and that could increase
the autonomy of the crew during missions (31, It is in this context that also 3D bioprinting
technologies attracted attention of the space agencies for the generation of tissues and organs

e (1381 Bioprinting allows for

for application in tissue engineering and regenerative medicin
the computer-controlled shaping of cells, organoids, biomaterials, and relevant biomolecules,
commonly layer-by-layer, into 3D models capable of replicating the complexity of our tissues
and organs, or at least coming close to those [7-8]. These models can eventually be used to
study the impact of space stressors (i.e. microgravity and radiation) on the physiology of
human tissues and organs, improving our understanding of space-induce biological
mechanisms on mammalian cell function and supporting the development of more efficient
therapies for long-term crewed missions [, Additionally, the development of medical
therapies for the treatment of age-related or chronic human diseases on Earth could also
benefit from experiments conducted under microgravity . The latter is responsible for

inducing changes in human systems (e.g. loss of bone density), that in many ways resemble

those associated with the onset of different human diseases developing on Earth (e.g.

4
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osteoporosis), but at a much faster rate 1'%l Therefore, studies underpinning human ageing,
disease or the testing of medical therapies that would normally take years to develop, could be
accelerated with important benefits for patients with life-threatening conditions. The above
benefits, combined with the possibility of manufacturing customized artificial tissues and in
future maybe even functional organs for transplantation, have led the European Space Agency
(ESA) to consider 3D bioprinting as a key technology to enable future deep space exploration

and human settlements.

Much has already been done for terrestrial applications where we now have a wide range of
natural and synthetic polymers that can be modified using a range of moieties and strategies
for improved printability and cell function. These are reviewed in detail elsewhere and can

certainly be used as working basis for the design of new polymeric inks for space bioprinting
[7,11,12]

Recently, there have also been several projects supported by ESA and NASA for bioprinting
research to take place on the ISS. Indeed, a microgravity environment may improve print
fidelities of soft tissue structures due to the unneeded use of high viscosity materials and
support structures to be able to withstand the force of gravity. Currently making use of this
phenomenon is the 3D BioFabrication Facility (BFF) being part of the U.S. National Lab and
developed by US-based company Techshot (acquired by Redwire in 2021) 31, The BFF aims
to print high resolution tissue analogues by extrusion-based bioprinting that can be maintained
on the ISS for up to two months within specially designed bioreactor cassettes before being
sent back to Earth for analysis. So far, completed projects using the BFF have focussed on
bioprinting meniscal and cardiac tissue [!*#!1°] however, scientific publications about these
studies are still missing. Furthermore, a handheld 3D bioprinter has been developed by
German company OHB for the German Aerospace Center, DLR in collaboration with ESA
and delivered to the ISS; the so-called Bioprint FirstAid device intends to utilise ready-made

autologous cell-laden bioinks to print dressings to cover superficial skin wounds 161,

Here, after introducing the concept of bioprinting and its relevance for space research, we
discuss specific boundary conditions that may impact the successful translation of the
technology including limited resources and the need to avoid open systems. We proceed with
a brief review of the available bioprinting techniques highlighting challenges and
opportunities for these in microgravity. The recent global pandemic has reinforced the need
for better and more efficient systems for online monitoring of patient’s health. Much of this
technology is already employed in the space domain and is discussed here along with remote

5
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control systems and bioreactors for tissue maturation. We conclude with a brief overview of
the challenges and opportunities for the healthcare space sector and discuss future prospects

for bioprinting in space.

2. Relevance of Bioprinting for Applications in Space

Human spaceflight and exploration is at a turning point: while long-duration crewed missions
to the ISS, the golden standard for more than two decades, are opening up to commercial
players (e.g. Axiom, Blue Origin, SpaceX, Virgin Galactic), space agencies are focusing on
more complex missions to the moon ! and eventually to Mars. From a medical standpoint,
these latter missions are much more complex because they venture deeper into space and
because they will expose crew to more extreme and longer time periods to space stressors,
both exogenous (such as, but not limited to variable gravity levels, space radiation [!8]) and
endogenous (e.g. psychosocial challenges due to isolation and confinement [1>-21),
Furthermore, these missions will be operationally and logistically very challenging, as they
will have delayed or no premature return scenarios in case of (medical) emergencies and will
only allow for very limited medical capabilities in-mission 222!, This differs very strongly
from the current modus operandi on the ISS where medical contingencies are treated as first-
aid interventions, but surgeries would be performed on Earth (which would be reachable
within less than a day). As such, future deep space missions will need a high self-
sustainability on-board and a high autonomy of the crew of the mission. It also implicates that
preparation in advance on ground needs to be thoroughly considered, however, this
preparation can only be done to a certain extent as a mitigation strategy for each potential
scenario cannot be foreseen. In addition, it also implies that even smaller or on Earth
considered as less severe injuries (e.g., wounds, smaller burns and bone fractures) or medical
events can inflate in severity and can threaten the health of the crew, as well as impact the
mission detrimentally [2!-23], Therefore, in-situ opportunities for medical treatment could
tremendously help to support these long-term human exploration missions to the moon and

eventually to Mars.

To address some of these challenges on deep space missions, the European Space Agency
(ESA) is further looking into 3D bioprinting as an enabling technology. ESA has already done
quite some work on looking into further expanding this technology for use in space ['}l. As a
follow-up, ESA is currently building a capability for bioprinting and 3D cell maturation in
LEO. Once operational, this “3D Biosystem” will allow for fundamental research into the

impact of key space stressors, such as microgravity and space radiation on a variety of cells
6
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and tissues, that will help to better understand and guantify the cumulative impact of
microgravity and space radiation. Bioprinting can be used to make 3D cell constructs similar
in structure to specific organs or tissues. In this way, the impact of spaceflight factors on
processes occurring in these tissue models, which are otherwise difficult to investigate
directly in animal or human subjects, can be studied in detail. Bioprinting will allow for
testing more complex and 3D tissue models, which exceed conventional cell cultures in
mimicking the native human tissues [>*|. Furthermore, bioprinting can also be used to
investigate the response of certain cell and tissue constructs to specific pharmacological

countermeasures ). As such, bioprinting will allow bridging some of the current knowledge
gaps.

After this initial phase and keeping in mind these future long exploration missions into deep
space, bioprinting could eventually also be an enabling technology to support medical
treatment in crew members. The application of bioprinting in relation to wound healing and

[23.24] Tn a next

skin tissue repair (e.g. in burns) has been described in recent publications
stage, these technologies have for example the potential to print personalized grafts or specific

implants for the treatment of tissue injuries 2>,

The expansion of bioprinting into the food production realm has had further developments in
recent years. As such, bioprinting could potentially be exploited in manufacturing food

sources during space flight. The food-tech start-up Aleph Farms, partnered with company 3D
Bioprinting Solutions, is intending to do just that by culturing bioprinted bovine muscle cells

on the ISS 2],

Lastly, 3D bioprinting is not limited to mammalian or human cells, but can also make use of
other cell types, e.g., microalgae or cyanobacteria (!, These could be implemented across a
variety of applications, such as bioreactors and life support systems (e.g., for oxygen
production and waste treatment %)), as well as food and secondary metabolites production
(e.g. vitamins). This topic has not been widely explored yet, but also from this angle, 3D
bioprinting could be a very interesting technology for future deep space missions. Additional
research is needed to e.g. figure out which non-mammalian cell species would be most suited
for application, as well as which cell species would tolerate immobilization into the bioink’s

hydrogel and would be able to withstand the printing process.
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3. Specific Boundary Conditions in Space

Spaceflight is still connected to a number of challenges and limitations that complicate any
translation of technologies, already established on Earth. This includes the limited capacities
for bringing payload into space (both concerning volume and weight) and the enormous costs,
related to this delivery. In addition, the storage conditions during launch and often occurring
delays make it difficult to bring sensitive or fragile components into space ?*]. This is
especially a problem for the upload of live cells, which might be one of the most limiting
factors for the establishment of bioprinting at the ISS. To solve this challenge, cryo-preserved
cells could be launched; however, this leads to the necessity of a number of manual process
steps after arrival before such cells then could be further used— which would require a lot of
crew time that again is not easily available. To overcome this limitation, the long-term
storability of premixed bioinks has been investigated with interesting first results: it seems to
be possible to store such cell-laden inks for several weeks at 5°C without complete loss of cell
viability (%]

Whereas many experiments in physics or astronomy can be highly automatized, this remains a
big challenge in cell culture and tissue engineering. Respective attempts on ground led to
large, very complex and difficult to control devices %!, which cannot be established in the
restricted environment of a spaceship. However, compared to the manual fabrication of three-
dimensional cell constructs using the principles of tissue engineering, in bioprinting several
processes already are performed at least in a semi-automated manner that helps to reduce
crew time. Strict safety regulations apply in space flight, making it very complicated if not
impossible to utilize many substances like common fixatives, being routinely used in cell-
based research like bioprinting, in space. Again, alternative protocols and probably also
bioinks need to be developed that allow long-term storage of viable cells to supersede bioink
preparation on board the ISS.

Logically, microgravity is a big challenge when liquids have to be handled which is the case
at all steps of a bioprinting process, i.e. during cell isolation, bioink preparation, the printing
process itself and further maturation of the 3D cell constructs in culture media. In addition,
fluids in general behave differently in media and also phenomena like gas exchange, crucial
for cell survival during cultivation, are strongly altered [*!1. This needs to be taken into
account when 3D cultivation devices are constructed to be used in microgravity. However, as
it will be discussed below in more detail, microgravity also might offer distinct advantages for
the different bioprinting technologies. Among others, less viscous bioinks might become

applicable in extrusion-based bioprinting and no sedimentation of cells or solid bioink

8
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additives like calcium phosphate particles will occur. In contrast, the altered fluid behaviour
might lead to stable entrapment of air bubbles and the domination of surface tension forces
can impair the shape fidelity and lead to unintended deformation during or after the printing
process 2. Therefore, in depths research and careful selection of most suitable viscosity of
the bioinks to be used in space is needed. Challenging is, that the common devices for
simulating microgravity on Earth like clinostats, random positioning machines or rotating
wall vessels [**** are suitable for cultivation of bioprinted constructs, but too small to host a
bioprinter. Other test systems like parabolic flights or drop-towers can of course
accommodate such hardware, but the time periods in which microgravity conditions apply are
too short for a detailed and in-depth analysis of all relevant phenomena of the bioprinting
process 4], The scientific community therefore is very much looking forward to get the
opportunity to start investigating the bioprinting process chain in detail under real space

conditions at the ISS.

In preparation of long-term and far-distant crewed space missions, the opportunities offered
by bioprinting to provide clinically applicable tissue substitutes for the treatment of severely
injured or ill astronauts shall be further explored and developed. However, a number of
fundamental problems related to the clinical application of bioprinted tissues are not yet
solved, even on Earth [*!. This includes, beside others, (1) the very high cell numbers, required
for the fabrication of volumetric human tissues, (2) the complexity of many relevant tissues
concerning arrangement of different cell types on several length scales, (3) the mechanical
stability of the fabricated constructs, and (4) the necessity to provide a functional and
hierarchical arteriovenous system that can be microsurgically connected to the host. In
addition, improved non-destructive analytical methods for assessment of the quality and
properties of the bioprinted tissue constructs, both directly after fabrication and during further
maturation, are required. Moreover, performing surgeries in space is in general connected to a
number of specific challenges . Especially for long-term and far-distant space missions
another aspect becomes relevant: the need to produce and recycle as much as possible on-site
as the capacity for carrying materials along such journeys will be strictly limited. Therefore, it
should be explored whether bioinks could be made from biopolymer components that can be
isolated from organisms like algae or plants, being cultivated in space.

However, as it is generally accepted that long-term crewed space missions and especially

those outside the LEO are connected with higher health risks for the astronauts the
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development of improved and autonomous treatment options is a pressing need ¢). Probably

bioprinting will contribute to these advancements.

4. Bioprinting Technologies Based on Material Deposition

4.1 Extrusion-Based Bioprinting

Extrusion-based bioprinting (EBB) *7! technologies dispense continuous filaments of cell-
laden hydrogel materials, called bioinks, through nozzles using a piston, a screwing system, or
pneumatic pressure as the driving force. For creating a 3D object, EBB technologies usually
follow a layer-by-layer approach, by printing planar layers on top of each other. Nowadays,
EBB systems are the most popular approaches in the biofabrication realm thanks to their user-
friendliness, the possibility to process numerous bioinks characterized by a wide range of
physicochemical properties, and to build sophisticated, heterogenous constructs containing

multiple cell types and biomaterials.

The EBB research field is quite varied embracing different extrusion strategies, each offering
specific advantages and suffering of certain limitations. These strategies include direct

writing, co-axial extrusion, and deposition in a coagulation or support bath (Figure 1) %],

‘ Extrusion-based bioprinting ’

[b]

Type of bath:
Granular
(microparticles)

Y Colloidal
(supramolecular
assembly)

Crosslinking
agent

v 1
Direct writing Printing in Printing in Co-axial
coagulation bath support bath extrusion

Figure 1. Different opportunities to use EBB (schematic taken from Costantini et al. %;

reproduced under terms of the CC-BY license).

To provide good shape fidelity, the bioink needs to possess specific theological properties,
such as shear thinning behavior, which means, that the viscosity drops sharply under high
shear, i.e. when the material is extruded through the printing nozzle *°!. After or sometimes

still during the printing process the bioinks are further stabilized by crosslinking. For this,

10
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either photochemical reactions can be applied or ionic mechanisms in case of alginate as the
base bioink component. Liquid crosslinkers can be applied during extrusion by using coaxial
nozzles; however, those also can be utilized to produce strands consisting of two different

bioinks (different materials and/or cell types), arranged in a core/shell fashion [*°1,

In the context of microgravity conditions, direct writing and co-axial extrusion may represent
the first choices, as the presence of a bath could introduce additional operational problems.
Furthermore, the direct writing approach shares multiple similarities with Fused Deposition
Modelling (FDM), the additive manufacturing technology based on the extrusion of
thermoplastic filament already successfully tested in the ISS 1. Nevertheless, EBB strategies
requiring a support bath may be useful on Earth to simulate a microgravity environment, as
during the extrusion process the net force acting on the bioprinted structures is the difference

between the gravity and the buoyant force.

From an experimental standpoint, EBB in microgravity conditions may require the
troubleshooting of certain problems, generally of minor impact on Earth, during both the pre-
processing and processing phases but at the same time may benefit from the reduced gravity

force.

For instance, during the pre-processing phase, the resuspension of cells within the biomaterial
ink is often accompanied by the formation of a significant amount of sub-millimetre size
bubbles. While on Earth this issue is solved by simply exploiting gravity — bubbles tend to
travel upward in the bioink making their removal relatively easy, in a microgravity
environment bubble removal may represent a daunting task. A possible solution for this
challenge may be the centrifugation of the bioink, or the formulation of ready-to-use bioinks
prepared on Earth and shipped to space under cooling conditions. This option may
additionally help in extending bioink shelf-life and avoid extensive cell culture and manual
mixing procedures in space prior to the bioprinting process ). Alternatively, one may design
the bioink fluidic path within the bioprinter to have bubble traps along the way, a common
solution now found in some microfluidic systems [**!. On the positive note, microgravity may
help in significantly reducing the problems connected with cell sedimentation in the bioink
cartridge, an issue causing cell density fluctuations in the bioprinted samples **! on Earth,
especially when low-viscous bioinks are used. In general, in space it should be possible to
utilize less viscous inks for EBB as gravity will not lead to deformation or collapse of the

printed structures. Moreover, it may help in printing more sophisticated geometries, e.g. non-
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4l or overhanging structures, probably even without the need to co-print additional

planar
support materials. To this aim, new toolpath generators specifically designed for pg-EBB may
be needed in the future. However, the dominance of surface tension forces in the absence of
gravity might lead to problems related to the tendency of fluids to form spherical objects [*%;

those might be especially relevant in case of low viscous inks.

Printability through EBB is a complex property, which depends on the extrusion strategy, on
the geometry to be printed and on the property of the ink [**!. According to the dimension of
the filament, volumetric (related to viscosity and density) or surface phenomena (related to
surface tension) can be prevalent. In the case of direct writing, with commonly used
viscoelastic hydrogels on Earth, volumetric forces have a higher impact: scaffold tends to
collapse due to gravity, so a hydrogel with relevant yield stress is needed, which however may
interfere with the extrusion process or can impair cell viability. In pg conditions, the
printability window should be re-analyzed, and thus the possibility of achieving high print

fidelity even with low viscous hydrogels.

Another aspect that should be carefully considered is the wettability of the printing bed. In
fact, while on Earth this feature is practically neglected (due to the high Ohnesorge number),
in pug conditions it may play a crucial role in the adhesion of the first deposited layer, and the
whole 3D bioprinted structure. Minimizing this issue may be critical to achieve high printing
accuracy. In this context, it may also be beneficial to gain a better understanding of the
influence of process parameters — such as printing speed, layer height, nozzle size, etc. — over
the net force acting on the sample during the bioprinting process ¢!, To this aim, advanced
bioprinting simulation tools should be developed to help researchers rapidly identify the
optimal process parameters and the printability window. In an effort to demonstrate on Earth
that EBB in exceptional gravitational forces is possible, multiple layers of a common,
alginate-based bioink, as well as an adhesive calcium phosphate bone cement were extruded

against Earth’s gravity using a printer suspended upside-down 1%/,

As regards to the bioink supply to the extrusion nozzle, at the moment it is not clear whether
in pug the use of volumetric feed control systems (e.g., syringe pumps) should be preferred to
pressure-driven flow systems or vice versa. In fact, while volumetric systems can accurately
process a wide range of bioinks, these systems are bulky and limited in dispensable volumes
(up to a few tens of mL). On the other hand, precisely controlling the extrusion flow rate with

pressure-driven flow controllers is more challenging, requiring a careful calibration for each
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bioink formulation. However, pressure-driven systems are relatively compact — a feature
highly appreciated in space missions — and capable of processing larger bioink volumes. To
be able to analyze and control the extrusion process remotely it would be advantageous to
equip EBB devices operating in microgravity with video cameras so that both the nozzle and

the bioprinted object can be monitored and the printing parameters, if needed, adjusted.

In summary, although there are still some challenges to overcome, the EBB shows a high
potential to be used in space. In the near future, launching the first ESA 3D bioprinter to the
ISS will provide a better understanding of this biofabrication process in a microgravity

environment.

4.2 Inkjet/Drop-on-Demand Bioprinting

Bioprinting technologies differ greatly in their resolution and scale production capabilities,
which affects the size, quality, and fidelity of the printed structures. Here, very high precision
(single cell deposition) and high resolution (tenth of cells or nanolitre drops) are reached
using laser-based systems “7#®] and inkjet-based techniques, respectively, to produce small
structures. On the contrary, medium-resolution and large-volume geometries are attained
using extrusion-based bioprinters. Inkjet printing occupies here an interesting position since it
links its two sister technologies in terms of size capability (Figure 2A). These three
bioprinting technics also differ in the viscosity of the printed material: laser-based systems
being able to eject only adherent cells or spheroids [*), inkjet printing handling only low
viscosity cell suspensions (up to 20-40 mPa.s) %!l and extrusion printing being suitable to
almost all possible viscosities (up to 3x10° Pa.s) 152!,

The ISS welcomed its first residents in November 2000 who exclusively used the inkjet
printing technology for 3D printing in space (Epson 800 inkjet printer initially) 31,
Microgravity is then a condition that has been already demonstrated suitable for inkjet
deposition of liquid inks and what is more, 3D printing of cells with high viability was
originally demonstrated 54! with biohacked inkjet office printers [*>!. Hence, the gap is closed

between space bioprinting and inkjet technology.
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Figure 2. Resolution and size of the objects produced by liquid deposition modeling (LDM,
also referred to as extrusion bioprinting), ink-jet printing, and laser bioprinting. (B)
Differential behavior of ink-jet bioprinting expected on Earth (left) and space (right).
Differences are expected due to microgravity at (B1) the cell (B2) droplet and (B3) construct
levels.

When it comes to bioprinting and particularly tissue engineering on Earth, inkjet printing has
been mainly used for the production of thin tissues such as the retina or covering external
cellularized layers such as endothelium and epithelium 481, Indeed, these tissue layers are
known to be composed almost exclusively of cells. Their biofabrication thus only relies on the
positioning of cells onto or into a more complex system, which might be a scaffold or another
tissue. This is where inkjet-based technologies are the most advantageous, being able to
deposit precise volumes of cell suspension (e.g., down to 300 pL using SCIENION™ inkjet

printer) with a precision of 5 pm and no dead volume 1,

In the meantime, gravity on Earth still limits inkjet printing capabilities with well-known
drawbacks that could be leveraged with microgravity (Figure 2B):

MATERIAL VISCOSITY: Since materials used for inkjet (bio)printing have low viscosity,
cells easily settle in the liquid phase and generate heterogeneities in the bioink. Likewise, the
range of cell concentrations usable for inkjet printing is limited and high cell density results in

clogging of the printing nozzle. An attempt to cope with this issue was proposed by constantly
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agitating the reservoir, perpetually re-suspending cells [”). Here, microgravity will be an asset
since the dispersion of the cell population will remain homogenous, even in a large volume of
low viscosity liquid. Consequently, high cell density might be compatible with inkjet printing
in space.

STATIC YIELD STRESS. The static yield stress of a low-viscosity material is also
intrinsically low. The capacity of the jetted material to generate large parts in the Z direction
is then very limited since the material is collapsing under its own weight [*1-42], This can be
partially solved on Earth by in situ reticulation of the jetted material during the printing
process, either by using photochemistry [*¥ or soft chemistry [*4]. In space, microgravity is
expected to reduce the force applied by a layer due to its own weight, enabling the production
of larger parts than on Earth while keeping the viscosity and static yield stress as low as
possible.

SURFACE TENSION. The behavior of fluids in microgravity is driven by surface tension
forces, and liquids can achieve sizes much larger than on Earth [®3], Therefore, drops of higher

[66], Together with

volume could be extruded from similar valve opening time than on Earth
the lower static yield stress, larger structures could be built-up with inkjet printing in
microgravity than on Earth, changing our conception of the size capability for the technology.
WORKING DISTANCE. Inkjet printing is a near-field method on Earth, the trajectory
deviation and geometry variations of the droplet being function of the distance between the
jetting nozzle and the target support. A classical distance of 0.5-1 mm is then considered
optimal on the ground [*7. In microgravity conditions, it is hard to predict what would be the
droplet's behavior and unusual comportments or performances might rise from using
experimental conditions that would be unsuitable on earth. For example, lower energy might
be necessary to eject droplets in microgravity, leading to lower droplet speed and higher cell
viability. Inkjet bioprinting of cells in standard viscosity bioink should thus be performed
through unusual printing settings in microgravity and this will have to be documented and
compared to the behavior of the same material on Earth.

Microgravity has thus the potential of changing how we use inkjet printing for tissue
engineering. However, other aspects of specific fluid behavior in microgravity could
conversely create limitations:

LIQUID-FREE DISPLACEMENT. As often depicted in space station footage, liquids are free
to move in microgravity. In the case of a droplet jetting system such as inkjet bioprinting, the
droplet missing the target area could fly away endlessly in the laboratory until it impacts a

surface. This should be clearly avoided and new hardware may have to keep the jetted
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material under control. An interesting sideway effect is that flying droplets might also be
harvested far from the inkjet nozzle, opening the path to new suspended culture systems in
which each droplet is a separated microbioreactor.

LIQUID MOTION. Liquid motion is much slower in microgravity. The inkjet printing
process could thus be slower than on Earth, with a lower frequency of drop ejection to avoid
liquid accumulation at the exit of the printing nozzle [6!.

LIQUID SHAPE. On Earth, gravity distorts the shape, but not in microgravity where liquids
tend to take up a shape having minimum surface area; drops therefore keep a spherical shape
under microgravity conditions [®]. Therefore, homogeneously covering a surface might not be
trivial in microgravity.

CELL ADHESION. As demonstrated by the cosmonaut Nikolai Budarin who photographed a
tiny bubble of air hangs suspended inside a droplet of water in April 2003, there is no
buoyancy in microgravity 8!, Conversely, there is no settling, and adherent cells may be

incapable of reaching the surface of an object once the ejected droplet reaches the target.

4.3 Melt Electrowriting

Melt Electrowriting (MEW) is an electrohydrodynamic additive manufacturing process that
enables the fabrication of 3D constructs from fibers with diameters in the lower micrometer
range. The high-resolution of MEW is used to generate scaffolds which reveal unique cell-

material interactions and guide cellular orientation, differentiation, and cellular invasion by

design of the fiber deposition patterns.

In MEW, the material, in most cases a thermoplast [*), is molten and thus liquefied in a
heated reservoir and fed to the nozzle from which it is extruded with a constant feed rate. An
electric potential between the nozzle and the collector is used to stabilize and stretch the
extruded material on its way to the collector [®”). This enables the reduction of fiber diameters
in one to two orders of magnitude compared to the nozzle diameter and results in fibers of
diameters as small as 820 nm %), Most publications report fiber diameters between 10 and 50
um 1. 3D constructs are generated by collecting the material onto a moving, computer-
controlled collector and happen in a layer-by-layer fashion (schematic setup see Figure 3A).
The shape of the deposited structures is preserved by temperature induced solidification of the
thermoplastic polymer and the material properties can be altered after printing if the material

enables post-process modification like light induced crosslinking "?1. Due to the distance
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between nozzle and collector that must be high enough to prevent unwanted electrical
discharge, MEW is not a direct writing technique and deposition patterns need to be adjusted
for optimal shape fidelity. In addition, straight fibers can be only collected above the critical
translation speed (CTS) which defines the speed at which fiber deposition transfers from
sinusoidal to straight as depicted in Figure 3B ["*]. Increasing the speed above the CTS is
commonly used ¥ to further decrease the fiber diameter but the lag between material
deposition on the collector and the nozzle tip must be considered when programming the print
patterns to achieve accurate shape fidelity on critical shapes like corners and edges. The
process is continuous, and the constructs are, in most cases, made from a single fiber that is
deposited along a closed pattern. MEW is not limited to flat collectors but can also be
performed on non-planar surfaces [”>) and on cylindrical collectors which enable the

production of tubular constructs 6],
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Figure 3. A) Schematic overview of the MEW process; B) Concept of the critical translation
speed (CTS) and relation to collector speed ve and speed of the jet vier. (A: 7%] B: adapted from
[74]: both reproduced under terms of the CC-BY license.)

In terms of biomedical applications, most of the work performed so far utilizes the special cues
that the micron sized fibers of MEW constructs and their deposition patterns (examples depicted
in Figure 4), which define the pores design, have on cells. Due to the advanced control of fiber
deposition and the resolution, MEW enables to study the biophysical cues of scaffolds and

especially their pore geometry on the fate of cells without the need for external biochemical
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cues. Recent studies revealed that fiber geometry influences orientation of cells and that fibers
act as guiding structures (see Figure 4). It was also demonstrated that highly aligned fibers
influence the fate of stem cell in terms of their differentiation "7l and that they define the
polarization of immune cells 8], Scientists working with MEW are utilizing these results and
increasingly starting to apply those for more complex tissue models and biomedical applications
like co-culture to recreate tissue niches as modeling and replicating in vitro the tumor

microenvironment and in general for advanced humanized in vitro and in vivo models >8],

day?

. Partially
Filled e

Figure 4. A-L) Deposition pattern is used to influence fiber deposition and to generate different
constructs with defined pores and properties; structure shown in L) was collected on a tubular
collector; Scale bars = 100 pm A-D), 500 um E-H), 50 pm I), 200 um J-L); M-P) Influence
of pattern and fiber deposition on cell orientation and filling of pores. Reproduced under terms
of the CC-BY license from Robinson et al. 2019 (A-L) ! and Xie et al. 2019 (M-P) 1],
respectively.

Further, MEW can be combined with other additive manufacturing processes [**! to generate
hybrid constructs. Most common is the combination of MEW and cell-laden hydrogels to

831 showed

influence the mechanical properties of soft hydrogels. Pioneering work in this area
that the combination of gel and MEW fibers can drastically influence the compressive strength
of composites compared to MEW only or hydrogel only samples. It was also shown that the
design of the structures has great influence on the properties of MEW fiber reinforced hydrogels
8485 " Studies with very soft hydrogels that are difficult to handle and transfer between cell
cultures as they are too weak and can get damaged demonstrate that MEW can be used to
improve handling properties without influencing the mechanical microenvironment of the gels
86]

that are sensed by the cells [
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To date, one of the biggest challenges in MEW is the limited availability of materials that can
be processed with the technology to date. Polycaprolactone is the gold standard and delivers
the best quality prints, but the material selection is increasing, and new materials and material
blends are showing great potential. These materials have been reviewed recently but more
options are coming up, including processing of bioinks in presence of electrical potential to
reduce strand diameter of cell laden material deposition, termed “cell electrowriting” [6%-7287],
So far also the thickness of constructs that could be fabricated with MEW was limited as
residual charges remain on the fibers especially when the amount of stacked layers increases.
These residual charges diminish stacking accuracy and lead to defects. Adjusting the electric
field density by increasing the voltage with increasing construct height was demonstrated to

enable fabrication of centimeter thick specimens via MEW that can be a solution to this process

inherent limitation (%8,

A key opportunity of MEW in microgravity is that the electrical potential that stabilizes and
stretches the jet allows printing in different orientations without the need for gravity to act as a
source to enable pattern deposition. As depicted in Figure 5, it was already shown that printing
cannot only be performed with the nozzle on the top and the collector on the bottom in a vertical
setup but also horizontally without negative influence on print quality ). Therefore, it should

be possible to create similar constructs with MEW under microgravity conditions in space as

established on Earth.
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Figure 5. Demonstration of horizontal and vertical MEW printing. The minimal effect of
gravity on the MEW jet during printing shown in A) in horizontal and B) upside-down
orientation followed by the translation into C) a scale-up MEW printer capable of fabricating
1024 scaffolds/print and D) a single 80 cm x 80 cm fabric. E) Image showing a CAD model of
the scale-up prototype configuration with 8 print heads even spaced on a horizontal
configuration to a large translating collector and F) a computer rendering envisioning how the
small footprint permits multiple systems operation in unison. Reproduced under terms of the
CC-BY license from Robinson et al. '],

5. Lithography-Based Bioprinting Technologies
5.1 Stereolithography, Digital Light Processing and Multi-photon lithography

Stereolithography (SLA) is one of the most widely used light-based AM technologies. The
1980s SLA patent by Chuck Hull is considered to be seminal for the development of the whole
AM industry 1. The history of the technology has many more facets and is described in great

U Over the years countless variations of the

detail in one of the early Wohlers reports
technology evolved and developed, and SLA has become a valuable tool not only for
prototyping, but also AM. 1t is still one of the most widespread approaches for the production
of polymeric parts, boosted by applications such as the manufacturing of hearing aids and dental
aligners 2!, SLA is based on irradiating the surface of a photoreactive resin in a precise pattern
by scanning over it with an ultraviolet (UV) laser. Thereby, photoinitator molecules are excited
by the UV light and form radicals that locally induce polymerization and solidification of the
resin. After polymerization of the first layer on a building platform, the platform is moved
downwards and the surface is covered with fresh resin, allowing it to cure a new layer (Figure

6a). Following this layer-by-layer approach complex structures with a high freedom of design

can be built.

For digital light processing (DLP) 3l instead of SLA’s vectorized approach, a light engine
which exposes the whole layer in one shot (raster approach) is used. The light path of the engine
is modulated with the help of an array of micron-sized controllable mirrors, known as a digital
micromirror device. Each individual mirror can be repositioned rapidly and either reflects the
light through the focusing optics or onto a heat sink, each mirror thereby represents one pixel.
The resin is typically illuminated from below through a transparent vat and the building
platform is pulled upwards after the fabrication of a layer (Figure 6b). Since the whole image

is projected at once instead of scanning the pattern, the throughput is generally higher.
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Like SLA, multi-photon lithography (MPL) [**! is based on a laser being scanned through a
photoreactive resin. However, the fundamental difference is that MPL takes advantage of two-
photon absorption (2PA) to excite the photoinitiator molecules. By using a femtosecond laser
in the near infrared region, to activate the photoinitiator instead of just one photon, two or more
photons need to be absorbed almost simultaneously by the same molecule. For this to occur
high photon densities are needed, as provided in the focal spot of a pulsed femtosecond laser.
2PA is quadratically depending on the light intensity and occurs only in a confined area around
the focal spot. By moving the laser focus with a high spatial and temporal control through the

photoresist, sophisticated high-resolution structures can be built (see Figure 6c¢).
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Figure 6. a) SLA b) DLP c) MPL. Generally, all three technologies can be executed in top-
down or inverted configurations. The latter is usually employed for 3D bioprinting. In
addition, with the dawn of novel light sources and photoinitiators, wavelengths in the visible
range are increasingly used [,

Since overview of the state of the art of lithography-based AM technologies is not at the core
of this publication, we would like to refer the readers to some of the reviews addressing this
subject 5-%81,

Light-based 3D printing technologies are particularly versatile regarding the freedom of design
and the scales at which structures can be built, reaching from submicron-sized features to
decimeter-sized objects. The achievable resolution of the printing techniques is determined by
parameters such as the used optics, the photochemistry of the material or the desired object size.
The resolution provided by SLA and DLP is usually in the range of several tens of micrometers,
while MPL can provide features on the submicron scale, but is restricted to a smaller achievable

object size. Light-based 3D printing techniques have become a valuable tool in 3D bioprinting

[99:.100] and in particular in 3D high-definition (HD) bioprinting, which describes approaches to
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reproduce fine features at cellular and subcellular scales (< 50 pm), while providing reasonable

printing volumes 10!,

Figure 7 shows an overview of HD-bioprinting techniques,
demonstrating plotting throughput against resolution. Examples for HD bioprinting are the
fabrication of scaffolds for cell culture, simple organ models or even in situ printing within
living organisms. Further, light-based 3D printing technologies enable to produce structures
across transparent tissue culture labware. In particular, MPL allows to print directly within a
microfluidic chip, which reduces the number of assembly steps, avoids sterility issues and

enables to fabricate constructs noninvasively 1921,

Bioprinting techniques : throughput versus resolution
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Figure 7. Graphical representation of the capabilities of several bioprinting techniques,
discussed in this work, regarding the throughput and resolution: digital light processing (DLP),
stereolithography (SLA), extrusion bioprinting (EBP), melt electrowriting (EW), multiphoton
lithography (MPL), and volumetric printing (VP). With MPL and EW features on the scale of
cells and smaller can be produced, allowing it to control the microenvironment at cell level.
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However, those techniques are limited in their throughput to a few mm?®/h. DLP, SLA, VP, and
EBP enable realization of constructs of several cm® with a minimal feature size in the range of
capillaries, cell spheroids, or blood vessels. A cell-shaped datapoint indicates studies that
involved cell encapsulation during printing. Adapted from Zandrini et al. ' with permission
from Elsevier.

One of the general bottlenecks of lithography-based technologies particularly relevant for 3D
bioprinting is the realization of multimaterial/multicellular constructs. Different solutions in
this direction were demonstrated over the years with SLA and DLP %194 They can also be

used with MPL, but for smaller parts it is more reasonable to use microfluidic systems [1%%,

The following aspects have to be considered for these technologies in microgravity:

MATERIAL HANDLING: SLA and DLP reply on sequential deposition of even material
layers. Most systems still use active layer levelling, and gravity takes care of the excessive
material on Earth. Specialized solutions will have to be considered in space. Control of shape,
uneven liquid surface or keeping slurry/bioink from climbing the walls of the container have
to be considered in microgravity 1%,

Since cell culture in space is likely to be performed in closed systems, MPL is probably the
most directly suited technology in this regard, since it can already work with chambers. The

latter capability was also demonstrated to provide unique advantages for producing tissue

models within closed containers, such as microfluidic chips.

CELL SEDIMENTATION: The issue, common to most bioprinting technologies, of cell
sedimentation within the bioink due to gravity will naturally be alleviated in microgravity.
This will also allow using low viscosity bioinks helping to solve the potential outlined

material handling issues.

UNIVERSALITY: These techniques are perhaps most universal with regard to “universality”
and coverable resolution range (see Figure 7). The material portfolio is quite rich, especially
when it comes to classical AM applications. The same device could be used to produce
components necessary for cell culture, e.g. microfluidic chips, and the tissue construct of
interest. It is likely that in space only a limited machine park might be available — potential
maintenance of the system and spare part availability for different technologies will be an

important consideration.
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MEDICAL APPLICATIONS: Microgravity and space radiation can have major effects on
human tissue, understanding the health-related implication is significant to provide suitable

1071 Tissue chips are a

medical assistance and expand the understanding on space travel !
promising toolset to develop space biomedicine and study microgravity-related medical
effects 1981991 Ag discussed above light-based 3D printing technologies, and in particular

MPL, have proven to be versatile techniques for the production of such chip-based systems
[110,111]

5.2 Volumetric Bioprinting and related technologies

Conventional 3D (bio)printing technologies typically rely on the sequential spatial deposition
of discrete building blocks, e.g., in the form of extruded fibers of photopolymerized hydrogel
precursors, in a layer-by-layer fashion. While versatile, this approach requires extended printing
times for constructs of clinically relevant sizes. This can induce stress for the cells, which can

(82,1121 'In an effort to overcome this

even hamper the functionality of centimeter-scale objects
hurdle, Volumetric Bioprinting (VBP) was recently introduced, which enables the fabrication
of large cell-laden constructs in the timescale of tens of seconds, regardless of their size and

(113 This is an important advantage that could prove highly valuable

architectural complexity
for upscaling the production of both cell-free objects and biological constructs also in
environment with limited machinery and resources, such as in orbital stations, during space
flight and space exploration. This technology relies on the combination of a light source (either
a laser or a non-collimated source), a spatial light modulator (i.e., a digital micromirror device,
DMD), and a photoresin (usually pre-laden with cells) placed in a cylindrical vat on a rotating
stage. As the vat rotates light (typically in the visible portion of the spectrum; i.e. cell-friendly)
is then shaped by the DMD into filtered back-projections of the object to be printed, according
to a tomographic reconstruction algorithm. Each projection is delivered into the vat, at a given
rotation angle, and sequential combination of the light patterns results in anisotropic 3D light
dose distribution within the volume of photoresin. Therefore, even though the whole vat is
illuminated, the light field exceeds the threshold of crosslinking of the bioresin only where the
print needs to be formed, causing the whole object to photocrosslink at once, in a layerless,
volumetric fashion %!, The remaining unreacted bioresin can be flushed, and the object
retrieved and used for subsequent biomedical or tissue culture applications. Initially developed

g [114,115]

for printing cell-free resins derived from conventional stereolithographic processe an

increasing array of hydrogel-based bioresins are being introduced, also including unmodified,
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pristine proteins [!'%!7]. To date, applications in engineering cartilage "''*), bone [''¥] muscle
(1191 "and liver ['2°] have been described. Notably, the contactless and nozzle-free nature of this
technology allows to process mechanically fragile biological structures in a shear-stress free
manner, an advantage that has implications, for instance, in organoid research ['*°], and could
therefore facilitate the implementation of these powerful models also in space research.
Recently, multiple schemes for volumetric printing of multimaterial constructs, in which
multiple cell types can even be compartimentalized in specific regions of the constructs, were
demonstrated 211221 Potential applications include mimicking interfaces across different

tissues (i.e. muscle-to-tendon), and multi-walled tissues (i.e. blood vessels).

The accuracy of volumetric printing and related processes is dependent on a variety of factors
related to the optical properties (light absorptivity, refractive index and light scattering of the
resin and cells), physico-chemical properties (viscosity, degree of substitution, etc.) and
photocrosslinking kinetics (step-growth or chain-growth polymerization) of the bioresin.
Research in terrestrial environment has highlighted how printing quality and fabrication time
can be optimized by the selection of highly efficient photocrosslinking mechanisms such as

119

thiol-ene-based photoclick chemistry ['!°] by the addition of compounds that mitigate light

120]

scattering from the embedded cells ['?%, or via software corrections that modify the light

patterns delivered to the vat 123:124],

Although printing via tomographic reconstruction is currently the fastest volumetric additive
manufacturing technology available, other technological solutions belonging to this family are
also being studied, such as holographic printing which involves static light projections from
multiple directions to cause localized increases in light doses for crosslinking M2,
Alternatively, light sheet stereolithography and Xolography use two light sources at different
wavelengths to overlap in a given voxel of interest, in order to activate a photoinitiator to
crosslink the resin [1?6127] Recently, Filamented Light (FLight) biofabrication, which is based
on optically modulated light projections without rotation of the printing vial, has emerged as a
powerful technique for the fabrication of aligned tissue constructs such as muscles, vessels and
tendons 28], Here, the speckle patterns of laser induce longitudinal microfilaments within the
photocrosslinkable polymers, which act as excellent topographical cues for guiding cell
alignment and extracellular matrix organization. Similar to existing techniques for

multimaterial volumetric printing, FLight can also allow for changing of material across the

length or the cross-section, thereby enabling complex multicellular tissues (e.g., vascularized
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muscle) or interfaces (e.g., myotendinous junctions) to be fabricated ['?®). Of note, these
microfilaments, although advantageously utilized in FLight biofabrication, are considered
printing artifacts within volumetric printing and can be mitigated within VBP using refractive

index tuning, or by using a uniform background illumination after printing ['>1,

Challenges and opportunities of VBP and related technologies in microgravity

Apart from enabling rapid fabrication, VBP and the related methods could, in fact, benefit from
microgravitational effects. In terrestrial environments, the resin for VBP needs to be either
highly viscous or thermo-reversibly gelated to prevent sedimentation of the cells or the
crosslinked polymer during printing ['*!!5] which results in loss of shape fidelity and limits
the available options of the photoresins that can be used for printing. For instance, most
volumetric bioprinting efforts so far have used gelatin as the main polymer component in the
resin 131181201 a5 it undergoes thermo-reversible gelation at lower-than-physiological

temperatures (137

. This also restricts the printing temperatures for the resin formulations
(generally vials need to be < 10°C for successful printing). In space, microgravity would
actually allow printing with low viscosity resins and non-thermally gelating systems, alleviating
the concerns of sedimentation of cells and of the printed constructs. Another aspect with
terrestrial printing relates to the exothermic nature of photocrosslinking, which imparts
localized temperature gradients resulting in convective flows which may impair resolution by

U In microgravity, there is

dislocating the resin from its original crosslinking location !
minimal presence of convective flows, which might allow better print resolution, provided that
the temperature increase is small to prevent any adverse effects on the cells or the chemical

structure of the matrix.

As with other printing technologies, VBP will require re-thinking several aspects related to the
process and materials for printing in space. The resin, if not thermo-reversibly crosslinked, may
float in microgravity. In this case, the containers need to be completely packed with the resin
and appropriately capped to prevent leakage (Figure 8). The cells can be pre-mixed with the
resin containing cryoprotectants prior to lift-off, and the resins stored at -80°C until they are
used. Existing studies on cryo-bioprinting have demonstrate that the high cell viabilities could
be achieved upon recovery within the printing resins after long-term storage 132133,
Alternatively, for short duration space flights lasting a few hours, cells could be pre-mixed with

113

the resin and the resin stored at 4°C until used [''*]. As the biofabricated tissue constructs are

often fragile, it will be beneficial to redesign the print vials such that the vials allow easy resin
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filling without spillage, and can be directly integrated within perfusion reactor system for
maturation of the tissues within the spacecraft (Figure 8). In this case, inlet and outlet ports with
one-way valves should be added within the printing vials, for adding resin prior to printing, or
removing uncrosslinked resin through perfusion of PBS followed by perfusion of media. Here,
the nozzle tip for the resin filling would be inserted through the one way valve. As the plunger
is pushed to inject the resin into the reservoir, a second syringe is placed at the exit port of the
vat, to apply vacuum and extract the air out. For the perfusion of PBS or media, the nozzle tips
connected to the peristaltic pumps will be inserted through the one-way valves to allow media
perfusion.

As every resource maybe valuable within a space flight, recycling the PBS and media by
removing uncrosslinked resin (via filtering; vacuum is freely available in space and can be
harnessed), cellular debris and metabolic byproducts. In addition, symbiotic cellular co-culture
systems can reduce nutritional demands of cells [1**136] or the usage of cells compatible with

growth in serum free media can improve cost effectiveness and feasibility of the entire process

[135-137]
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Figure 8. Concept of integrated vials and perfusion system involving terrestrial procedures -
Resin constitution and printing vial preparation for tomographic projections, Xolography or
FLight biofabrication, and extra-terrestrial procedures - printing of the tissue constructs and
media circulation within a pressurized reactor system. Note: After preparation, the resin may
be stored under normal refrigeration at 4°C or cryopreserved (using cryo-protectants).

Recent successes for VBP and related technologies in space

The SpaceCAL (UC Berkeley, USA) initiative built a compact enclosure with five computed
axial lithography-based setups connected in parallel to allow scale-up volumetric printing in
space flights. This apparatus has been already successfully evaluated in Zero-Gravity Flights

[138] " thus demonstrating the suitability of volumetric printing to work in microgravity.
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Bioprinting applications in space with this system are now being explored also by the Lawrence
Livermore National Laboratory, with a first focus on printing cartilage-mimicking constructs
with low stiffness gelMA-based resins (=100 Pa compression modulus) on the ISS, with flights
planned to the station within the next three years, in collaboration with the company
SpaceTango and NASA [3% At the same time, Xolo has also brought their light-sheet
lithography printer on a parabolic flight, first demonstrating its use for printing non-hydrogel
based resins. Overall, the active interest and involvement of space agencies, research institutes,
and industry and commercial actors within collaborative projects relating to volumetric printing
in orbital stations, demonstrates the promise of this new technology, and paves the way to
further engineering for this technique to expand the toolbox available for additive

manufacturing and 3D bioprinting in space research and exploration.

6. Online Monitoring, Bioreactors and Remote Control

As clearly discussed in all the previous sections, space conditions induce several significant
challenges to successful 3D bioprinting, which might translate in high defective rates and risks
of job failure !'*%1. Furthermore, the need of reducing the amount of materials to be sent on-
board, combined with the mandatory requirement to minimize scraps, waste and sacrificial
constructs imposes a paradigm shift towards first-time-right, zero-defect bioprinting [!.
Eventually, process automation and data-assisted support should aid non-experts operators,
who will possibly run bioprinting and post-process maturation in space mission. In this
scenario, novel solutions to support in-situ process optimization, monitoring and control via
sensorized platforms should be possibly combined and integrated with novel solutions for
automatic control and optimize tissue maturation in bioreactors.

Recently, many approaches for in-situ monitoring and control of bioprinting processes have

been proposed in the literature, assuming different sensing solutions including cameras in the

e [141,142 S [143-145

visible rang 1 laser scanner 1 optical coherence tomography (OCT) for a better
reconstruction of internal features U448l or even thermal cameras for monitoring the
temperature to support extrusion of sensitive materials '] or inkjet bioprinting [!>%!11 All the
proposed solutions focused on the inspection of the bioprinted construct (layer-wise analysis,
Figure 9) or the extruder conditions (layer-height analysis in Figure 9) to achieve first-time
right printing and possibly develop a digital platform implementing data mining to support
monitoring (i.e., detection of unexpected events), feedback control (i.e., acting on process
parameters to maintain process stability) or combining a virtual simulation of the process

towards digital twin solutions (Figure 9).
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As cell viability can be hardly observed in situ and in-line via external sensors (camera and
thermal camera), some authors proposed functionalized bioinks, acting as in situ sensor to
assess different aspects of cell metabolism ['32] or control the oxygen and nutrients concentration
through the addition of luminescent optical sensor nanoparticles !53], All these seminal
solutions are paving the way to a future perspective where a fully sensorized and intelligent
bioprinting platform (Figure 9) can be envisioned to automatically control and adapt the 3D
bioprinting process to external conditions, unexpected events or hard-to-bioprint materials,
which will represent a standard rather than an exception in space application. Along this line,
in-situ monitoring of bioprinting can act as enabling solution for in-situ bioprinting !>*, where
sensors can be even used to adapt the bioprinting process to the printing environment, as

dynamically morphing organ.

7

|
I I
| |l
| 1]
I — 9, E 2
£ - J I
s | % K> \ i k 2 . o itoring cells 1
= thermal p 3
g | ‘ = | geometry amonare information I
«n 9 1 i f s B -
2k | " Montor: , p | i) S=pEPp s |
" a | *  Pressure S S ] 1
I . Velocity b 1
*  Temperature Monitor: Layer N |
1 = Standoff A — N "
distance s +  Shape fidelity — 1
I H d [ | :
Y 9 . 1
I . N
[ — et I
I - I_ ___________________ -
______ 1 — — i R e e e R
| I I
w | Objectives: 0] 1
> | First-time right bioprinting | = s 1 o) |
j= | Automatic check of defects Zx }m ’.
b Improve cells viability | =) | .“ #’ AN Data on: |
ﬂ IAdaptivecontroI I s ﬁ 1 5 N? 2 . Map of defects
o 1 Process optimization & S . Deviation from nominal trajectory I
o I 1 g 2. | Feedback control Digital twin Data mining, monitoring +  Thermal deviatioon 1
| 1 |
L oo oo oo e o e mm mm Ew Em Em Ew Ew Ew Em En Ew EE O EE EE EE EE O Ew EE Ew Em Ew Ew Em Em

Figure 9. In situ data mining for intelligent bioprinting (system proposed by Politecnico di
Milano).

In space, the printing environment should also consider the following steps for bioprinted tissue
cultivation. While on Earth, a bioprinted tissue goes through complex cultivation sequences,
including mostly manual steps in a sterile cabinet (i.e., tissue transfer and feeding) [1>3156], In
space such type of sequence could strongly limit the deployment of tissue bioprinting strategies.
This is why, implementing an all-in-one integrated and specifically designed bioprinting and
cultivation device is strategic and essential. Here, the ideal foreseen device is a cultivation
bioreactor, which could welcome both a freeform and sterile bioprinting and the subsequent

tissue culture protocols (Figure 10). Such device should (i) reduce the footprint of the overall
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process, (ii) include a confined/watertight chamber where to sterile bioprint and further
immerse the construct in consolidation or nutritive fluids, and (iii) allow cultivation in a
regulated manner. Indeed, in the space, it will become mandatory to maintain, control and
regulate the main environmental parameters impacting alive cells, namely temperature,
dissolved oxygen availability, pH, and osmotic pressure. Regulating such parameters rely on
heat and mass transfer, liquid-gas interface, bubbling, and mixing. In microgravity
environments, all such physical behavior is affected [*>!57-15% thus render impossible the direct
transfer of tools from Earth to space. While none of the available common cell culture

bioreactors %0

I can fit the microgravity and space constraints, in the last 20 years, several
dedicated equipment and installation were deployed in the ISS to provide an adequate cell
culture environment '), Thus, the ESA Microgravity Science Glovebox (MSG), the Multiple
Orbital Bioreactor with Instrumentation and Automated Sampling (MOBIAS) or the
BioCulture System of NASA, were proven to maintain appropriate conditions to provide
relevant biological studies both for 2D/3D shaped cell culture applications. Finally, during these
cultivation phases, nondestructive online analytics will also be necessary to describe specific
tissue maturation and acquisition of biological functions, like cell growth, microstructure
organization, extracellular matrix remodeling, barrier functions etc. These analytical tools
should target to describe tissue’s cellularity, internal micro-structuration (porosity, mechanical
properties, biomatrix composition), and cellular environment (local pH and oxygen conditions).
In fact, none of the standard analytical methods used on Earth currently apply to the longitudinal
and non-destructive monitoring of large cellularized 3D structures. Cytometry, cell counting or
tissue histology, which are commonly used for the description of cell populations, proliferation
profiles and 3D cell organization, could not be part of the analysis battery in space. Here, in
vivo imaging tools could be advantageously exploited, like MRI or echography 1621631 already

[164-166] ‘WWe expect

in place in the ISS, or also spectroscopic analysis like Raman spectroscopy
such work will faster push forward the development of tools not yet available on Earth for the
longitudinal and non-destructive monitoring of grown tissues at scales and depth ranges beyond

that of millimeters.
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Figure 10. Adapting post-printing maturation and tissue characterization to space. All-in-one
integrated and specifically designed bioprinting and cultivation instrumented device.

7. Conclusions

Additive manufacturing has developed to a powerful class of technologies in space flight and
also 3D bioprinting is attracting growing interest of the international space agencies.
Bioprinting allows the manufacturing of three-dimensional cell and tissue constructs that can
be utilised in space to investigate the specific effects of stressors like microgravity and cosmic
radiation. In addition, bioprinting techniques possess the opportunity to fabricate clinically
applicable human tissues that might contribute to the autonomous medical treatment options
for injured astronauts on future long-term and far-distant space missions.

The specific limitations connected to space flight are challenging for the establishment of the
bioprinting process chain. However, microgravity is believed to also provide significant
advantages for several bioprinting methods compared to conventional conditions applying on
Earth. This includes the opportunity to use low viscous bioinks in extrusion-based bioprinting
and will prevent sedimentation of cells or other particulate matter, both in bioinks and resins.

The scientific community therefore is excited about the possibility to investigate bioprinting
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processes and the development of bioprinted cell constructs under real space conditions at the
ISS soon as ESA has commissioned construction of respective hardware.

For effective utilization of such devices equipment with cameras and sensors is required to
allow the scientists on ground to follow and control the experimental procedures. With such

devices becoming functional, life science in space will make a remarkable step forward.
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