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Artemis is a NASA initiative to return US astronauts to the moon and beyond. Artemis

includes a robust science program. A key to space-based biological science is the ability

to construct high-quality, efficacious scientific hardware cheaply, and in a short time

frame. We report the design and fabrication of affordable new flight hardware to support

the growth of Chlamydomonas reinhardtii, a single-cell green alga on the Artemis-1

mission. C. reinhardtii produces two products of great interest to space travel—lipids

as a source of bioproducts and hydrogen a source of fuel. We will use this hardware

to grow a library of mutant strains to identify C. reinhardtii genes that optimize survival

and fuel production during exposure to the combined impacts of space radiation and

microgravity in the cosmic space environment beyond the Van Allen belts. Using fitness

as a readout, a library of mapped insertion mutant strains will be grown competitively

during exposure to space radiation and microgravity. This report describes the hardware

and the science verification test that validates its utility for missions ahead. This hardware

can be easily adapted to a broad range of uses and microbes, and its low cost will make

space science affordable and practical.

Keywords: Artemis-1, flight hardware, Chlamydomonas, microgravity, cosmic radiation, biofuels

INTRODUCTION

Artemis-1 is the first in a series of NASA flights designed to return astronauts to the moon and
beyond. The Artemis spacecraft is an Orion capsule sitting atop a space launch system rocket
(https://www.nasa.gov/artemisprogram). The first flight is an unmanned translunar demonstration
sortie with capsule recovery after a water landing.

The Space Biology Program, based out of Kennedy Space Center in Florida, was invited to
include four science payloads in the Artemis-1 flight. The payloads had to be autonomous for any
activation or deactivation steps and provide their own power and temperature control, as necessary,
throughout ∼2 weeks on the launch pad and during a mission of 60+ days. These requirements
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place significant constraints on the selection of the biological
system and the experimental design.

Chlamydomonas reinhardtii is a single-cell green alga that
meets the Artemis-1 payload design criteria and is a leading
candidate organism for bioproduction of fuel: biodiesel, oxygen,
and hydrogen for space travel (Scaife et al., 2015; Batyrova
and Hallenbeck, 2017). This project will identify strains of
Chlamydomonas with optimized fitness during exposure to the
combined impacts of space radiation and microgravity in the
cosmic space environment beyond the Van Allen belts. Two
factors drove our choice to study C. reinhardtii. First, among the
model microalgae, C. reinhardtii is a known efficient biological
producer of hydrogen (Gaffron and Rubin, 1942; Vijayaraghavan
et al., 2009; Dasgupta et al., 2010; Scoma et al., 2012; Batyrova and
Hallenbeck, 2017) and is already being exploited as an industrial
biotechnology platform or “cell factory” (Grobbelaar, 2010; Scaife
et al., 2015). Second, Chlamydomonas is well-suited for genetic
characterization, including a library of mapped insertion mutant
strains that allow for an unbiased identification of the genes
mediating the best long-term survival advantage during exposure
to space radiation and microgravity (Alfred et al., 2012; Blaby
et al., 2014; Gallaher et al., 2015; Li et al., 2016). For example,
those strain(s) that show the best survival advantage outside the
Van Allen belt can serve as parent strains for further genetic
engineering to enhance hydrogen production, as well as diverse
other initiatives using biomass for spaceflight purposes (Scaife
et al., 2015).

Chlamydomonas has a track record of robust viability in space,
and its low resource requirements and its ability to maintain
viability for weeks prior to light-induced growth activation
make it ideally suited spaceflight applications (Mergenhagen and
Mergenhagen, 1987, 1989).

We worked with the Bionetics Corporation to design and
fabricate a low-cost hardware, with integral power, optimized to
support the growth of C. reinhardtii within the constraints of
the Artemis-1 mission profile. The hardware has been named
“Moonshot” by the engineers who did the design and fabrication
work. The system provides blue and red light to each of three
Petri dishes for continuous 6 h alternating with 18 h of darkness
and can do so for at least 60 days. The hardware monitors and
records the temperature of the experiment, battery power levels,
and acceleration levels in three perpendicular axes.

MATERIALS AND METHODS

Chemicals and reagents were purchased from Sigma Inc.
(St. Louis, MO) unless otherwise noted. A stab of C. reinhardtii
(CC-125 wild-typemt+ [137c]) andHutner’s trace elements were
purchased from the Chlamydomonas Resource Center collection
at the University of Minnesota (Minneapolis, MN). Annexin-
binding buffer “5X concentrate” and annexin V Alexa Fluor
488 conjugate were purchased from Life Technologies (Carlsbad,
CA). Spectrophotometry was performed on a Molecular Devices
M5e spectrophotometer (San Jose, CA). Flow cytometry was
performed on a Becton–Dickinson Accuri C+ flow cytometer
(Franklin Lakes, NJ).

Hardware Specifications
NASA’s requirements for experimental hardware on the Artemis
mission included the following:

• not require external power
• not require uplink or downlink
• monitor and record the temperature of the experiment
• monitor and record acceleration levels
• run continuously for a total of 48 days (the initial estimated

duration of the mission was 21–40 days from launch
to splashdown)

• withstand temperatures of 54–107◦F
• weigh less than 8 lb
• fit within 5.75 × 11.68 × 5 inches, including relief for

Nomex bag

The experimental requirements for Chlamydomonas growth
were that three 10-cm-diameter 15-mm-tall circular Petri dishes
be illuminated with blue (∼450 nm) and red (∼660 nm) lights for
continuous 6 h out of every 24 h for 60 days.

Moonshot Hardware
Bionetics custom “Moonshot” hardware is an ultralow-power
growth system for use on Artemis-1. Each of the three growth
modules holds one standard 100-mM-diameter circular Petri
dish. The plates are illuminated with blue (∼450 nm) and red
(∼660 nm) light-emitting diode (LED) lights continuously for
6 h in every 24 h. The combination of red and blue light is
optimum for Chlamydomonas (Oldenhof et al., 2006; Li et al.,
2016). The hardware monitors and records the temperature of
the experiment, the power level, and draw-on in the batteries (as
an indication that the lights were turned on and off), as well as
the acceleration levels in three axes.

The hardware was designed using the computer-aided design
and drafting program SolidWorks. It is largely composed of
milled aluminum parts. The electrical boards were robotically
fabricated using standard FR-4 fiberglass.

Hardware Validation
The functional and biological support properties of theMoonshot
hardware were validated during a science verification test
(SVT) for the Artemis-1 mission. The engineering testing was
performed in the actual flight hardware November 26, 2019,
to through January 31, 2020; a 60-days period was chosen
to reflect the best guess at the time for the duration of the
Artemis-1 mission. The biological validation was performed on
prototype hardware.

Protocols
A loop inoculum of C. reinhardtii was placed into liquid
Tris–acetate–phosphate (TAP) media [1M Tris base 20mL,
phosphate K2HPO4/KH2PO4 buffer 1mL, Hutner’s trace metals
1mL, 10mL of solution A (NH4Cl, MgSP4·7H2O, CaCl2·2H2O),
glacial acetic acid 1mL to adjust to pH 7] and made up to
1 L with distilled water. After a lag of ∼21 days, which is
typical for previously refrigerated samples, the Chlamydomonas
grew robustly.
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TAP media plus 12 g agar per liter was autoclaved, and 10mL
was poured into 100-mm-diameter Petri dishes, and 20mL into
single-cell rectangular Omniplates (Nunc). Dark green, robustly
growing Chlamydomonas were inoculated, 5 µL per spot, onto
each plate in a 96-well matrix of colonies for the Omniplate and
52 spot matrix for the round Petri dishes. The plates were sealed
with Parafilm, and the Chlamydomonas spots allowed to adhere
to the agar for 2 days at room temperature in a box containing
red and blue light coming on contemporaneously for 6 h out of
a 24-h cycle. The round Petri dishes were then moved to the
flight hardware prototype and the rectangular Omniplates to the
spectrophotometer to initiate the SVT.

At the end of the 60-days SVT, six colonies of Chlamydomonas
in round plates from the flight hardware prototype were
harvested for flow cytometric assays of viability and lipid content.
Samples in the rectangular Omniplates were used to measure
Chlamydomonas protein accumulation throughout the SVT.
The Omniplates, which have the dimensions of an Society for
Laboratory Automation and Screening standard microplate, fit
the sample drawer of the spectrophotometer and allowed for
precise alignment of the colonies in the detector for repetitive
daily reads over the 60-days SVT. The lighting and temperature
of the round Petri plates and rectangular Omniplates were
matched throughout the SVT.

Measurement of Chlamydomonas Proteins
Chlamydomonas colonies were assayed by spectrophotometry
on a daily basis throughout the 60-days SVT to define protein
content over time. To match the illumination provided by the
Moonshot flight hardware, a light box was placed over the
spectrophotometer so as to illuminate the Chlamydomonas when
the plate drawer was in the open position. A loop program
directed the spectrophotometer to retract the plate into the
machine, take the absorbance readings at six wavelengths, and
then return the drawer to the open configuration so that the
illumination of the plate could resume. The six wavelengths
were chosen to measure chlorophyll A (436 nm), chlorophyll B
(472 nm), photosystem I and II (700 nm), cytochrome f (554 nm),
and total protein (800 nm). The detector read the absorbances
in the same eight colonies each time. The light box over the
spectrophotometer cycled in the same 6-h-on/18-h-off pattern as
the flight hardware prototype.

Viability and Lipid Analysis
At the end of the SVT, six colonies were harvested from the
round Petri dishes in the Moonshot hardware and assayed
for lipid content and viability by flow cytometry. Colonies
containing ∼107 cells were resuspended in annexin-binding
buffer, vortexed vigorously to dissociate theChlamydomonas, and
filtered through 70-µmnylon to remove aggregates. For viability
assays, 100-µL aliquots of each sample were stained with 5 µL
of Alexa Fluor 488 annexin and 1 µL of 1 mg/mL propidium
iodide (PI) and incubated at room temperature for 15min.
Live Chlamydomonas populations are both annexin-negative
and PI-negative; apoptotic Chlamydomonas take up annexin,
but not PI; and necrotic Chlamydomonas take up PI alone.
To measure lipid content, 100-µL aliquots were permeabilized

FIGURE 1 | Moonshot hardware design. (A) Flight configuration of the

assembled “Moonshot” hardware. (B) Battery Module exploded view. (C)

Control Board Module exploded view.

with 10 µL of 0.2% Triton X and stained with 5 µL of
Nile red (100µg/mL in methanol) (Halim and Webley, 2015;
Terashima et al., 2015). Viability was also verified by observing
whether the Chlamydomonas resume growth when inoculated
into fresh media.

Flow Cytometry
In flow cytometry analyses, we counted 5,000 Chlamydomonas
and recorded forward and side scatter in addition to fluorescent
parameters using log amplified photomultipliers. With every run,
quality control was performed on the instrument with three color
fluorescent beads, followed by assay of five control tubes: no
dyes, annexin alone (488-nm excitation 533/30-nm emission),
PI alone (488-nm excitation 585/40-nm emission), annexin plus
PI, and Nile red alone (488-nm excitation 585/40-nm emission).
All flow cytometry values are in arbitrary fluorescence units.
While PI and Nile red have brighter emission at 675/25 nm in
many cells types, chlorophyll A and B absorption precludes using
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FIGURE 2 | Moonshot hardware growth module design. (A) Growth Module exploded view. (B) LED grow board “off.” (C) LED grow board “on.” (D) LED grow board

“on” in dark environment to demonstrate red and blue LED lamps. (E) Petri plate spotted with Chlamydomonas and incubated 60 days in the flight hardware with

cycling lights. The spots are dark green, consistent with robust chlorophyll production, and of uniform intensity indicative of uniform lighting across the plate.

these wavelengths in Chlamydomonas (Halim and Webley, 2015;
Terashima et al., 2015).

Statistics
Statistical analyses are presented as mean ± standard error of
n = 5 or 6, as indicated. Significance was determined using
Student t-test. All comparisons shown are also significant using
Kolmogorov–Smirnov summation statistics for large data sets.

RESULTS

Hardware Design
The Bionetics “Moonshot” custom hardware consist of three
module types: two battery modules, three LED lit growth
modules, and a control board. The total hardware mass with
margin is 5.44 lb, and it measures 7.05 ± 0.02 × 5.67 ± 0.02 ×

4.45± 0.02 inches (Figure 1A).
The features of the battery module can be seen in an exploded

view schematic (Figure 1B). Components of the battery module
include a silver extruded aluminum enclosure with metal end
panels, eight AA Energizer batteries, a PPTC resettable fuse,
four keystone electronics, battery holder AA cell solder lug cable
ties, Nomex fabric, small-mesh particle-filtering wire cloth, and
4× 4-inch gap pad.

The features of the control growth module can be seen in
an exploded view schematic (Figure 1C). Components of the
control growth module include a silver extruded aluminum
enclosure with metal end panels, a gap pad, and a control

board. Each module has an opening in the lid and base for
wiring. The control board electrical design overview includes an
ultralow-power PIC18 microcontroller unit with internal real-
time clock, 16MB of flash for data storage, temperature sensors,
accelerometers, and universal asynchronous receiver/transmitter
to universal serial bus (USB). The control board can be powered
by USB or 9- to 14-V battery input.

The features of the LED growth module can be seen in an
exploded view schematic (Figure 2A). Components of the LED
growth module include a silver extruded aluminum enclosure
with metal end panels, a 110-mm-diameter and 15-mm-high
cylindrical polystyrene Petri dishmount, a Petri dish holder, a gap
pad, a thermistor temperature sensor, and an LED illumination
board. The Petri dish holders are polycarbonate, and the lid lined
with reflective polytetrafluoroethylene. Figures 2B–D shows the
LED array in the base of the growth module. Figure 2E shows
a plate of Chlamydomonas incubated in the growth module for
60 days and verifies that the colonies grow robustly and evenly
across the plate.

Hardware Performance
The hardware performed nominally throughout the verification
test. The maximum temperature increase was 5◦F, well within the
envelope of tolerable experimental conditions (Figure 3A). At
the end of the 60-days test, the batteries still had more than 20%
of power remaining (Figure 3B). The power profile validated that
the lights came on for 6 out of 24 h daily, as planned (Figure 3C).
Acceleration recordings show serial measurements of gravity in
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the z axis, but no acceleration in other directions as expected
(Figure 3D).

The hardware has been flight-certified by NASA and passed all
materials compatibility and other safety reviews. Electromagnetic
interference testing was not performed as NASA safety ruled
that the low voltages, amperage, and fluxes in the hardware were
too trivial to interfere with the Orion capsule integrated circuit
technology. Certainly, electromagnetic interference testing can
similarly be completed simply and affordably, if necessary.
Vibration testing is pending if NASA later mandates, but all costs
are already built into the costs stated.

Protein Measurement
The kinetics of the accumulated chlorophyll A, chlorophyll B,
photosystem I and II, cytochrome f, and total protein are shown
in Figure 4. We observed that the levels of these specific proteins
and protein levels in general increased as the Chlamydomonas
grew for the first few days and reached equilibrium for the rest
of the expected 60-days Artemis-1 mission profile.

Viability
The fresh 7-daysChlamydomonas liquid culture used to inoculate
the agar plates contained 88 ± 1% live cells, 12 ± 1% apoptotic
(i.e., dying) cells, and 0.2± 0.1% dead cells (Figure 5). At the end
of the 60-days SVT, 13± 1% of the Chlamydomonas were viable,
13 ± 1% were apoptotic, and 74 ± 1% were dead. The quantity
of nonviable cells was an expected finding given the fact that cell
growth ceases after 7 days, and viability drops shortly thereafter
(Nakamura et al., 1986). Importantly, a live population remains,
as Chlamydomonas maintained for 60 days in the Moonshot
hardware grew robustly when inoculated into fresh TAP media
(data not shown).

The amount of total lipid present in the Chlamydomonas, as
measured by Nile red fluorescence, increased from 14,888 ± 146
in fresh zero-day cultures to 37,281 ± 244 arbitrary fluorescence
units in the 60-days SVT cultures, mean± standard error, n= 5,
p < 0.05 by Student t-test (Figure 6). These observations suggest
that lipid production is robust on the Moonshot platform and
demonstrate that Nile red staining will be a useful metric to gauge
overall lipid production (Halim and Webley, 2015; Terashima
et al., 2015).

DISCUSSION

The space sector is one of the economy’s most rapidly evolving
elements. Launch costs are plummeting dramatically led by
cost efficiencies in vehicle design and manufacture, including
reusable rocket elements pioneered by Space-X. If we are to
use the environment of space for basic science research and
development of biotechnology products, we must develop a
similar transformation. The common quote of “5 years and 5
million dollars” to fly a payload (personal communications) has
scared off numerous cell biology, pharmaceutical, business, and
other investors. We need more efficient and less expensive ways
to produce flight hardware.

Advances in materials, microelectronics, and molecular and
cellular biology technologies provide a firm basis to produce

FIGURE 3 | Moonshot hardware performance. (A) Temperature (◦C) in the

hardware (Petri dish in blue and control board in orange) across the 60-days

SVT (minutes). The Petri dish remained between 19.5 and 23◦C, which will

support Chlamydomonas growth. (B) Battery voltage (in volts) in the hardware

across the 60-days SVT (in minutes). The scale on the y axis is from 9 to 13V.

At least 10 V remain in the battery at the end of the 60-days period. (C) State

is a unitless parameter. If it is higher than 1, it means the unit just started; if it is

1, it means the LEDs are on; if it is zero, it means the LEDs are off, allowing up

to document hardware functioning during the flight. (D) Accelerometer data in

g in the hardware across the 60-days SVT (in minutes). Gray line shows the z

direction (Earth gravity). Orange and blue are x and y directions.

cost-effective customized spaceflight hardware. Following this
paradigm, we report the design, construction, and validation of
a simple cost-effective flight hardware for growth of the green
algae C. reinhardtii. The new hardware, termed “Moonshot,”
is scheduled for use in the Orion capsule of the first Artemis
mission, a circumnavigation of the moon.

New materials, new technologies, and new understanding
of cell biology are allowing a revolution in space biology
hardware design and fabrication. For instance, we now only
need picograms of RNA or DNA to sequence a genome or
transcriptome. Strain banks with individual deletion of every
gene in the genome and insertion of both gene-specific and
universal primers afford the opportunity to pursue sophisticated
science and determine whether microgravity has a role in
defining drug targets. These types of modern tools need to
be integrated into the policies and procedures of spaceflight
providers. The incorporation of the space biology policies
and procedures into spaceflight providers’ standard operating

Frontiers in Space Technologies | www.frontiersin.org 5 November 2020 | Volume 1 | Article 593523

https://www.frontiersin.org/journals/space-technologies
https://www.frontiersin.org
https://www.frontiersin.org/journals/space-technologies#articles


Hammond et al. Affordable Efficacious Space Biology Flight Hardware

FIGURE 4 | Production of proteins by Chlamydomonas under conditions of

the Moonshot hardware. Agar plates were spotted with Chlamydomonas and

incubated in a spectrophotometer adapted to provide cycling illumination that

matched the conditions of the Moonshot hardware. Serial absorbance

measurements were collected daily for 60 days to quantify chlorophyll A

(436 nm, open green circles), chlorophyll B (472-nm, filled green circles),

cytochrome f (554 nm, filled blue squares), photosystem I and II (700 nm; open

orange triangles), and total protein (800 nm; gray X). Values shown are the net

absorbance above background (plain agar) in relative units, and error bars

show the ±standard error of the mean of eight replicate colonies.

procedures will plummet cost and exponentially facilitate access
to flight options.

We show here that you can build space flight biology
hardware for an order of magnitude less than the going rate.
The hardware met all the validation criteria for power use, power
cycling, temperature control, g-force recording in three axes, data
capture, and downloading for analysis, materials, and biological
compatibility. This type of hardware will be absolutely key in the
new space business environment.

In the past, flight certification of new hardware involved
acoustic testing at Marshall Space Flight Center in Huntsville,
Alabama; bench review at Johnson Space Center in Houston,
Texas; electromagnetic interference testing and safety committee
reviews at Kennedy Space Center; and vibration testing
at a variety of sites. The geographic distribution of flight
certification activities added time, effort, and substantial cost.

FIGURE 5 | Viability of Chlamydomonas incubated in Moonshot hardware.

Agar plates were spotted with Chlamydomonas and incubated in the flight

hardware with cycling illumination for 60 days. Colonies were harvested at 0

and 60 days and assayed for viability and apoptosis by flow cytometry. Pie

charts show the % of the total Chlamydomonas population that is viable

(green; annexin-negative and PI-negative), apoptotic (yellow; annexin-positive

but PI-negative), or dead (red; PI-positive).

FIGURE 6 | Lipid content of Chlamydomonas incubated in Moonshot

hardware. Agar plates were spotted with Chlamydomonas and incubated in

the flight hardware with cycling illumination for 60 days. Colonies were

harvested at 60 days and assayed for lipid content by uptake of Nile red and

flow cytometry and compared to fresh Chlamydomonas cultures. Bars show

the lipid content, measured as uptake of Nile red dye, in arbitrary fluorescence

units, at 0 and 60 days. Error bars are ±SEM of six replicates.

Flight certification functionalities are now centralized at Kennedy
Space Center and/or the adjacent Bionetics facility. This makes
flight certification facile and affordable, and these expenses are
included in the costs quoted.

Payload cost efficiency is achievable. Our laboratory flew renal
cells on STS-90 and performed the very first gene arrays on a cell
biology sample from space (Hammond et al., 1999). We flew a
repeat, which cost $100,000, all up, for hardware, science, and
salaries on STS-106 (Hammond et al., 2000). A large determinant
of the controlled cost was the hardware, the BioServe GAP,
which was simple and very well-validated in space and on the
ground. Prior flight experience grandfathered it through many
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FIGURE 7 | The goal of the Moonshot payload experiments of Artemis-1 is to identify space-hardy strains of Chlamydomonas that can be used to generate

space-hardy hydrogen-producing strains of Chlamydomonas for use as fuel for space travel.

of the flight safety testing requirements (Hoehn et al., 2004). This
proved that space science can be done on a modest budget. There
are other examples. We have provided plates of yeast spotted on
plates to NASA for no cost to validate the Spectrum hardware
just installed on the International Space Station. The cost to us
was minimal. NASA Ames Research Center has been building
and flying 10 × 10 × 10-cm CubeSats at modest cost since 2006
(Hunter and Korsmeyer, 2015).

It should not be forgotten, however, that NASA has
consistently and reliably provided the huge launch costs to move
the hardware into space—in the order of a few tens of thousands
of dollars per pound. New launch systems partially mitigate these
costs by reuse of many rocket elements. To this end, we use
light materials wherever possible, facilitating the two-pronged
approach of lower launch cost and lighter payloads.

Moonshot was designed to support the growth of light-
dependent algae. It is scalable equipment that can serve as a
blueprint for other incubators, such as those requiring control
of CO2, temperature, and humidity and holding more plates
at the same time. The hardware is light enough to be easily
returned to Earth for recovery of performance metrics and
samples. Alternatively, the SIM card and biological samples alone
can be harvested and returned to Earth for analysis. In this case,
the hardware can be held on a space vehicle for repeated use or
jettisoned to burn up on re-entry.

NASA’s stated purpose is to hand off spaceflight vehicles
and scientific exploitation of the International Space Station to
commercial groups. To embed biotechnology as a commercially
viable entity, while enhancing utilization of the spaceflight
revolution, we need to be cost-effective, while understanding
the biotechnology and hardware development tradeoffs such as
materials and electronic compatibility with space flight systems.

The study of algae in space is driven by the industrial-scale
applications relevant to spaceflight and its ground-based spinoffs,
most commonly embodied in the form of seaweed. Rockweed, a
brown macroalgae, is harvested from the sea and processed into
liquid fertilizer for crops and dry ingredients to feed farm animals
(Hafting et al., 2015). We have all eaten carrageenan extracted
from the red seaweed known as Irish moss, a phycocolloid that

is the basis for junket, pie fillings, cake mixes, Twinkies, ice
cream and processed meats (McKim et al., 2019). Another red
seaweed product, agar, is ubiquitous in microbiology laboratories
worldwide (Lee et al., 2017). The options are endless: burnt
algae can replace wood (sparing forests) to provide potash for
glass manufacture, and algae can be incorporated into products
from plastics to biofuels (Khan et al., 2018). Algae products may
have the potential to be a critical tool in maintaining long-term
manned spaceflight. Algae products simply need water, heat,
sunlight, and a simple carbon source (Matula and Nabity,
2019). In return, algae can provide biologicals and nutritional
supplements, as well as fuel—all of which are critical spaceflight
provisions. Powerful genetic tools are available to understand
the survival of C. reinhardtii mutants during photosynthesis
and many other biological processes (Li et al., 2016). Specifically,
a large pool of mapped deletion strains allows sophisticated
genome-wide analysis of the pathways of algae survival (Li
et al., 2016). Insight into the genetic traits that confer increased
survival in the environment of microgravity and deep space
radiation can guide the development of “space-hardy” strains of
Chlamydomonas to accompany us in our exploration of space
(Figure 7). Liquid cultures of these “space-hardy” strains of
Chlamydomonas could be propagated for production purposes
using NASA growth hardware, such as VEGGIE (https://www.
nasa.gov/content/veggie-plant-growth-system-activated-on-
international-space-station) being developed for plants (Zhang
et al., 2020).

The benefits of the use of space radiation environment
and research in the field of astrobiology conducted in space,
experimental space facilities, and hardware have been reviewed,
presented, and discussed (Cottin et al., 2017). The Moonshot
hardware is designed to reduce the cost and complexity of
space flight experiments. As it is robust and self-supporting,
not requiring external power or other resources, the Moonshot
hardware can also be applied for ground-based studies.
Moonshot is aligned for use in the study of astrobiology. To quote
Martins et al., “the ways the Earth is used by astrobiologists:
(i) by conducting planetary field analog studies. . . , (ii) by
conducting planetary field analog studies. . . , and (iii) by exposing
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terrestrial samples to simulated space or planetary environments
and producing a sample analog to investigate changes in
minerals, biosignatures, and microorganisms” (Martins et al.,
2017).

CONCLUSIONS

The current report shows that one can build, validate, and
utilize space flight hardware at a very reasonable cost. You just
need to understand materials, cell biology, and the policies and
procedures of your integration and launch partners.

Although the results of the Artemis-1 experiment are
to be established, the closest guide is that the techniques
to be used in this proposal have already been used to
identify genes required by yeast to survive in space using
genome-wide yeast deletion collections cultured during
spaceflight for 10 days on the International Space Station
(Nislow et al., 2015). Even though those studies were
carried out within the protection of the Van Allen belt, it
was apparent that DNA and RNA damage repair was critical for
yeast survival.

We conclude that a multipurpose, flight-certified
hardware can be designed, manufactured, and validated
with unprecedented timing and cost efficiency.
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