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Abstract

BioSentinel is the first biological CubeSat designed and developed for deep space. The main objectives of this
NASA mission are to assess the effects of deep space radiation on biological systems and to engineer a CubeSat
platform that can autonomously support and gather data from model organisms hundreds of thousands of
kilometers from Earth. The articles in this special collection describe the extensive optimization of the bio-
logical payload system performed in preparation for this long-duration deep space mission. In this study, we
briefly introduce BioSentinel and provide a glimpse into its technical and conceptual heritage by detailing the
evolution of the science, subsystems, and capabilities of NASA’s previous biological CubeSats. This intro-
duction is not intended as an exhaustive review of CubeSat missions, but rather provides insight into the unique
optimization parameters, science, and technology of those few that employ biological model systems. Key
Words: BioSentinel—Deep space—CubeSat—Biosensor—Space radiation. Astrobiology 20, xxx–xxx.

1. Introduction

NASA has entered a new era of human exploration into
deep space, with a plan to put astronauts back on the Moon

and eventually land human missions on Mars and beyond.
However, since the last Apollo mission in 1972, NASA has not
sent humans or other biological organisms beyond low Earth
orbit (LEO), outside of our planet’s protective magnetosphere.
To reach the red planet, humans will be entering unfamiliar
territory, and innovative solutions must be developed to address
the challenges of this undertaking. The risk posed by the deep
space radiation environment is a critical gap in our knowledge
and preparedness for deep space travel (Straume et al., 2017).

On the journey to Mars, astronauts will face a constant low-
flux rain of ionizing radiation from the full galactic cosmic ray
(GCR) spectrum, in addition to variable and unpredictable
solar activity-dependent solar particle events (SPEs) (Cuci-
notta et al., 2010). NASA supports research querying the bi-
ological effects of ionizing radiation at ground-based research
facilities, but the dynamic and unique composition of the deep
space radiation environment is practically impossible to fully
simulate on Earth; for long-term space travel or habitation, its
chronic aspect also renders simulations for prolonged dura-
tions impractical (La Tessa et al., 2016). As we prepare to send
humans on extended missions beyond LEO, it is critical to
understand how persistent exposure to space radiation affects
living organisms. For deep space missions to be feasible,

significant technological and biomedical countermeasures
must be developed to protect the crew from the effects of
chronic radiation exposure. CubeSat missions can inform these
countermeasures by querying relevant space environments
with robust biological systems supported by autonomous
technology and can thus play an instrumental role in enabling
future human deep space exploration.

The CubeSat project was first developed in 1999 as a
collaboration between California Polytechnic State Uni-
versity and Stanford University’s Space Systems Develop-
ment Laboratory. The objective of the project was to provide
educational research institutions with affordable access to
space, decrease development time, and increase launch op-
portunities for small spacecraft. Commercial groups and
government agencies have also since advanced small stan-
dardized payloads for impactful space research (Poghosyan
and Golkar, 2017). The popularization of CubeSats is largely
due to their unique standardized unit (U); 10 cm cubes
weighing *1 kg, which can be arranged to produce a variety
of payload configurations and a range of sizes (with a typical
maximum of 6U). This standardization allows companies to
offer mass-produced off-the-shelf components, which re-
duces engineering and development costs. Furthermore, the
small size of CubeSats also limits the transportation and
deployment costs of space flight; a CubeSat mission can be a
secondary payload on any rocket that is traveling to the de-
sired orbit and has sufficient additional performance margin
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and the flexibility and space for a dispenser to be installed
(Poghosyan and Golkar, 2017).

Since CubeSat payloads are affordable and provide po-
tential for biological space exploration independently from
astronaut support, NASA began developing biosensors to
query various space environments. To date, NASA Ames
Research Center (ARC) is the only NASA institution to
have developed and operated biological CubeSats (Tables 1
and 2). Currently, ARC is in the process of preparing for the
launch of BioSentinel, a CubeSat that will utilize yeast cells
to probe the deep space radiation environment. Here we
introduce BioSentinel and the special collection of research
articles dedicated to this mission and provide a brief over-
view of the progression and development of CubeSats
containing model organisms.

2. NASA’s Biological CubeSats

NASA launched its first biological CubeSat, GeneSat-1, into
LEO in 2006. The 3U nanosatellite was designed to study the
effects of space flight on gene activity in microbes; the tech-
nology developed for GeneSat-1 successfully pioneered au-
tonomous life support for microorganisms in a CubeSat
platform (Ricco et al., 2007; Parra et al., 2008). Other notable
biological CubeSats followed, with the launch of PharmaSat in
2009, and O/OREOS (Organism/Organic Exposure to Orbital
Stresses) in 2010, which built upon GeneSat-1’s experimental
and technical heritage. PharmaSat contained optical sensor
systems to detect the growth, density, and health of yeast cells
and examined how yeast responded to an antifungal treatment,
elucidating changes to drug action in space (Ricco et al., 2011).
O/OREOS contained two experiment payloads, SEVO (space
environment viability of organics) and SESLO (space envi-
ronment survivability of living organisms). SESLO housed two
types of dormant dry microorganisms, which were rehydrated
in orbit and then monitored through optical absorbance to track
alterations to growth and metabolism induced by microgravity
and radiation. SESLO researchers demonstrated that flying
desiccated biology could enable the design and development of
a compact and efficient microfluidic delivery system and allow
cells to accumulate radiation doses over 6 months before being
sampled (Nicholson et al., 2011).

In 2014, NASA launched SporeSat to study the mecha-
nisms of plant cell gravity sensing by using lab-on-a-chip
devices with integrated real-time sensors. SporeSat im-
plemented a pair of miniature centrifuges to study calcium
ion channel activity as a function of the magnitude of artifi-
cially generated gravity (Park et al., 2017). Most recently, in
2017, NASA launched EcAMSat (Escherichia coli Anti-
Microbial Satellite), a 6U nanosatellite that investigated the
effects of microgravity on antibiotic resistance of a patho-
genic variant of the bacterium E. coli. EcAMSat employed
microfluidic technology and further optimized the optical
sensor system for detecting the growth and metabolic activity
of microorganisms developed for PharmaSat and SESLO.
EcAMSat utilized the standard configuration for a 6U Cu-
beSat; it demonstrated that this configuration could enhance
space flight science mission applicability by extending mis-
sion capabilities; providing more power; and accommodating
larger instruments, propulsion, and electronics volumes,
while remaining small enough to be launched as a secondary
payload (Matin et al., 2017; Padgen et al., 2020).

While conducting cutting-edge scientific experiments,
each mission refined space flight-proven technology and
imparted valuable lessons to the next generation of Cube-
Sats. A description highlighting the chronological progres-
sion of the technical and research capabilities of these
missions is described in Tables 1 and 2, respectively.

3. The BioSentinel Mission

BioSentinel builds on the legacy of PharmaSat, O/OREOS,
and EcAMSat, and will be NASA’s first biological CubeSat to
probe interplanetary space. It will fly as a secondary payload on
the space launch system (SLS) Artemis-1 mission (formerly
known as Exploration Mission 1 or EM-1), currently scheduled
to launch no earlier than November 2020. The objective of
Artemis-1 is to deliver the unmanned Orion vehicle to a cir-
cumlunar trajectory, which will then return to Earth after *3.5
weeks. BioSentinel is the sole biological payload among the 13
free-flying CubeSats that will be mounted between the interim
cryogenic propulsion stage (ICPS) and the Orion crew vehicle.
After Orion separates from the ICPS, the nanosatellites will
deploy over a period of several days. Once deployed, Bio-
Sentinel will first undergo a *700-km lunar fly-by, then enter
into a stable heliocentric orbit. As it orbits the sun, BioSentinel
will conduct science experiments for 6–12 months, accumu-
lating doses of radiation analogous to that of a potential human
Mars mission. At the 6-month nominal mission duration, it will
be *0.2 astronomical units (0.2 AU, *30 million km) from
Earth (Ricco et al., 2020).

The BioSentinel spacecraft contains the budding yeast,
Saccharomyces cerevisiae, to assay biological responses to
accumulated doses of deep space radiation. Despite over a
billion years of evolution separating yeast from humans, we
share hundreds of homologous genes that govern essential
cellular processes, including DNA damage and repair (Ka-
chroo et al., 2015). S. cerevisiae was also selected for its
space flight heritage and relatively easy genetic manipulation.
Furthermore, yeast can be desiccated yet remain viable for
long periods of time (Santa Maria et al., 2020). Thus, unlike
other more homologous and complex eukaryotic model sys-
tems, yeast can survive the constraints of long-duration space
flight as well as extensive prelaunch periods without sub-
stantial life support during payload integration and testing.

Two strains of S. cerevisiae will fly on BioSentinel: a wild
type strain that serves as a control for yeast health, and a rad51
deletion strain that is defective for DNA damage repair and
will, therefore, display metabolic and growth deficits as it
accumulates radiation damage (Santa Maria et al., 2020). Gi-
ven a long prelaunch period and a nominal 6-month experi-
mental phase in space, yeast preparation and desiccation were
carefully optimized to maximize viability over time (Santa
Maria et al., 2020). Within the payload, dried yeast cells are
located in the wells of 18 discrete polycarbonate fluidic cards
(16 wells per card; 288 wells total). Each fluidic card (Fig. 1) is
comprised of multiple layers, including filter membranes to
prevent cross-contamination between wells, microchannels to
allow the influx of nutrients and efflux of waste, and heating
elements that enable yeast growth during an experimental
phase. Each card stack also contains optical source and de-
tector boards. Card stacks are mounted onto fluidic manifolds
(nine cards per manifold) connected to tubing, reagent bags,
pumps, bubble traps, calibration cells, and electronics, all of
which fit into a 4U aluminum enclosure or BioSensor (Fig. 1).
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Table 1. Progression of Biological CubeSat Technical Capabilities

Mission Properties Subsystems Mission specifics

GeneSat-1 3U CubeSat, 2U bio payload;
partners: NASA ARC,
Santa Clara University and
Stanford University;
weight: 6.8 kg

Attitude control; command and data
handling; power: solar cells and secondary
batteries; electrical power subsystem;
microfluidics and heating elements; optics
and sensors (pressure, temperature,
humidity, radiation, and acceleration);
communications: radio, monopole
antenna; onboard computer and bulk
storage memory; science data downlink
(telemetry)

Launch: December 16, 2006
(NASA Wallops Flight
Facility; Air Force
Minotaur I rocket); orbit:
LEO, *450 km above
Earth; duration: 21 days;
main experiment *4 days;
outcome: full mission
success; sample return: no

PharmaSat 3U CubeSat, 2U bio payload;
partners: ARC and
University of Texas
Medical Branch; weight:
5.5 kg

1U spacecraft bus heavily derived from
GeneSat-1; improved fluidics and optical
detection systems from GeneSat-1,
including 48-well fluidic card, antifungal
delivery system, and 3-LED optical
emission/detection system

Launch: May 19, 2009
(NASA Wallops Flight
Facility; AF Minotaur I
rocket); orbit: LEO,
*450 km; duration:
>21 days; main experiment
*4 days; outcome: full
mission success; sample
return: no

O/OREOS 3U CubeSat, two 1U
biological modules;
partners: ARC, Bay Area
Environmental Research
Institute, SETI Institute and
University of Florida;
weight: 5.5 kg

1U spacecraft bus derived from PharmaSat;
two independent 1U astrobiology payload
modules (SESLO and SEVO); software,
sensor, thermal, mechanical, power,
communications, optical, and fluidics
subsystems from PharmaSat served as the
basis for the bus and SESLO payload

Launch: November 20, 2010
(Kodiak Launch Complex,
Alaska; AF Minotaur IV
rocket); orbit: LEO,
*630 km; duration: 6
months; outcome: full
mission success; sample
return: no

SporeSat 3U CubeSat, 2U bio payload;
partners: ARC and Purdue
University; weight: 5.5 kg

Spacecraft bus technologies derived from
PharmaSat and O/OREOS; three BioCD
lab-on-a-chip devices for real-time
measurements of calcium signaling in fern
spores; onboard 50-mm minicentrifuges to
generate artificial gravity (two BioCDs
were centrifuged in space)

Launch: April 18, 2014 (Cape
Canaveral, FL; Falcon 9
rocket, SpaceX-3); orbit:
LEO, *325 km; outcome:
successful space demo
(LED failure on ground and
in space); sample return: no

EcAMSat 6U CubeSat, 3U bio payload;
partners: ARC and
Stanford University;
weight: 14 kg

Used a copy of the 1U PharmaSat bus;
fluidics and optical detection system built
upon that of PharmaSat (*90%
commonality); modified filter system to
allow bacterial growth and higher pressure
in fluidic system; experimental
temperature of 37�C

Launch: November 20, 2017
(NASA Wallops Flight
Facility; Antares 230
rocket); orbit: LEO,
*400 km; duration:
>120 days; main
experiment *6 days;
outcome: full mission
success; sample return: no

BioSentinel 6U CubeSat, 4U bio payload
(BioSensor); partners:
ARC; weight: 14 kg

2U spacecraft bus developed for deep space;
fluidic card material changed to heat-
resistant polycarbonate (16 wells per
card); dedicated thermal control and
microfluidics systems per fluidic card;
calibration cells for fluidics and optics;
Timepix LET spectrometer sensor;
autonomous attitude control, momentum
management, and safe mode; long distance
communications through DSN;
micropropulsion system

Anticipated launch:
secondary payload on SLS
Artemis-I; orbit:
heliocentric orbit, beyond
LEO; duration: 6–12
months; sample return: no;
ISS control (4U BioSensor
unit) launching on SpaceX-
21 (6-month duration
mission with sample
return)

ARC = Ames Research Center; DSN = deep space network; EcAMSat = Escherichia coli AntiMicrobial Satellite; LEO = low Earth orbit;
LET = linear energy transfer; O/OREOS = organism/organic exposure to orbital stresses; SESLO = space environment survivability of living
organisms; SEVO = space environment viability of organics; SLS = space launch system.
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The BioSensor also has its own secondary payload, a
TimePix-based radiation spectrometer, which will allow
for the correlation of physical in situ dosimetry with the
biological response to radiation. This spectrometer measures
both the linear energy transfer (LET) and total ionizing dose
of radiation exposures (Pinsky and Pospisil, 2020). The 4U
BioSensor is integrated with a *2U spacecraft bus equipped

with solar panel arrays, batteries, micropropulsion system,
star tracker navigation system, transponder, antennas, and
command and data handling systems (Ricco et al., 2020).

Once BioSentinel enters its experimental phase in deep
space, yeast cells will be rehydrated with a mixture of
nutrient-rich medium and redox indicator dye, and cell
growth and metabolism will be monitored with an optical

Table 2. Progression of CubeSat Research Capabilities

Mission Research study Advancement of research capabilities

GeneSat-1 Organism: Escherichia coli (bacteria); studied effects of
microgravity on biological cultures in a 12-well microfluidic
card; tracked microbe population through optical density and
gene activation through GFP expression; findings: decreased
growth rates in flight samples compared with ground
controls (Parra et al., 2008).

First fully automated self-contained
biological experiment to fly on a CubeSat;
proved that scientists can design and
launch a new class of inexpensive
spacecraft, and conduct significant science
in space

PharmaSat Organism: Saccharomyces cerevisiae (budding yeast);
provided life support, growth monitoring, and analysis
capabilities for yeast in a 48-well microfluidic card; tracked
growth by optical density, metabolism with alamarBlue
metabolic indicator dye, and the effects of microgravity on
yeast susceptibility to antifungal drugs; findings: slower
yeast growth in microgravity. At low doses of antifungal, no
differences were observed between flight and ground
samples; however, significant metabolic activity still
observed at higher dose in microgravity (Ricco et al., 2011).

First NASA principal investigator-led
CubeSat mission

O/OREOS Organisms: Bacillus subtilis (bacteria), Halorubrum
chaoviatoris (archaea); tested how microorganisms adapt to
the stresses of the space environment, in a two-part
experiment: SESLO: monitored survival, growth, and
metabolism of B. subtilis through in situ optical density and
alamarBlue dye in three 12-well microfluidic cards; SEVO:
tracked photodegradation of organic molecules and
biomarkers through UV/visible/NIR spectroscopy; findings
(SESLO): slower growth in microgravity. No significant loss
of viability was observed throughout the mission (Nicholson
et al., 2011).

First astrobiology CubeSat mission; first to
demonstrate two distinct completely
independent science experiments on a
single autonomous CubeSat; first time
microorganisms were loaded into the
payload in a dried dormant form, then
rehydrated on orbit; flying desiccated
biology enabled the design and
development of a compact and efficient
fluidic delivery system, and allowed cells
to accumulate radiation doses for 6 months
before sampling; cells grew even after *1
year in dried state; first time microwells
were activated in multiple stages (2 weeks,
3 months, and 6 months) to compare the
response with radiation over time

SporeSat Organism: Ceratopteris richardii (fern spores); studied the
effects of microgravity on the calcium ion channel activity of
germinating fern spores, using three lab-on-a-chip devices
(BioCDs), and minicentrifuges that spun to produce artificial
gravitational forces; findings: no spore germination due to
failure in red LED illumination. Successful demo of
minicentrifuges with ion-sensitive electrodes (Park et al.,
2017).

First time artificial gravity capabilities were
incorporated into a CubeSat design

EcAMSat Organism: E. coli; investigated the effects of microgravity on
antibiotic resistance of a pathogenic variant of E. coli in a
48-well microfluidic card; findings: microgravity did not
enhance antibiotic resistance in pathogenic E. coli (Padgen
et al., 2020).

First 6U CubeSat to be deployed from ISS;
6U format provided 50% more solar panel
power to keep experiments at 37�C for
extended periods, and allowed for the
accommodation of larger instruments

BioSentinel Organism: S. cerevisiae; monitor the DNA damage response to
the deep space radiation environment; track cell growth and
metabolism through optical density and alamarBlue indicator
dye in 18 individual fluidic cards; compare biological
response with physical dosimetry using an onboard LET
spectrometer; compare deep space results with ISS and
ground control BioSensor units

First biological CubeSat to go beyond LEO;
first biological deep space CubeSat with
matching biological payload on ISS,
querying different radiation environments

NIR, near-infrared; UV, ultraviolet.
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detection system (Padgen et al., unpublished data). Calibra-
tion cells and reserved fluidic card wells empty of yeast will
be used to confirm the mixing ratio of the reagents in-flight
and to normalize the optical data. Two cards will be rehy-
drated in concert upon a command from ground control at
select intervals over the course of the mission, allowing for a
progressive series of experiments as the cells accumulate
radiation dose and DNA damage. One set of cards will be
reserved for activation in the event of a SPE. As optical data
are collected, it will be telemetered back to Earth, along with
correlated measurements of total radiation dose and particle
type detected by the onboard LET spectrometer (Ricco et al.,
2020). In the absence of contact with ground control, the
spacecraft will function autonomously in stasis mode. The
sensitivity of the yeast to various particle types and low doses
of radiation has been assessed, including the response to a
simulated GCR spectrum (Santa Maria et al., unpublished
data). In addition to the deep space nanosatellite, a second
copy of the 4U BioSensor science payload will be flown on
the ISS, allowing for comparisons between the biological
effects of space flight in different radiation environments.

During the design, development, and testing of the Bio-
Sentinel CubeSat, a number of improvements have been made
to flight heritage technology (Table 1). Alterations to fluidic
card design and a small increase in BioSensor size allow for
significantly more sample replicates and conditions (288 wells
in BioSentinel vs. 48 wells in previous 3U CubeSats). The use
of heat-resistant fluidics materials, such as polycarbonate,
improves the practicality and efficiency of the sterilization
method and reduces risk. Previously, fluidics components were
sterilized with ethylene oxide (EtO) that required the pro-

longed off-gassing of toxic volatiles that affect the health and
survival of biological samples. Now, materials are sterilized by
autoclaving, which is a much more common and biocompat-
ible sterilization method. The fluidic manifold and thermal
control systems are more capable and specific in the individual
activation and heating of fluidic cards. The inclusion of inde-
pendent calibration cells allows for normalization of optical
data every time an individual card is activated throughout the
mission (Padgen et al., unpublished data).

In addition to these changes to the BioSensor payload, sev-
eral spacecraft components have been improved in this iteration
or are novel to biological nanosatellites (Ricco et al., 2020).
The 3D-printed cold gas micropropulsion system, for example,
will be used to perform the detumble maneuver immediately
upon deployment from the ICPS, in addition to momentum
management maneuvers (Stevenson and Lightsey, 2016).
Long distance communication through the deep space net-
work will allow scientists and engineers to communicate with
the spacecraft at distances hundreds of thousands of kilometers
(or more) from the command system on Earth. The onboard
LET radiation spectrometer will allow scientists to directly
correlate the radiation environment to the extent of biological
damage at different time points over the course of the mission.

Finally, and perhaps most importantly, the platform devel-
oped for the 4U BioSentinel BioSensor payload can be leveraged
into future autonomous biological spacecraft missions, including
free-flying satellites in and beyond LEO and integrated biosen-
sors on lunar rovers or the lunar gateway. Moreover, with some
changes in design and some creative repurposing, the model
organism or vehicle can be exchanged to answer cutting-edge
research questions and explore novel frontiers.

FIG. 1. The BioSentinel biological CubeSat and its subsystems. Budding yeast cells are first added into the microfluidic
card wells. After yeast desiccation, the fluidic cards are sealed, and electronic optical emission and detection boards and
heating elements are mounted onto each card. The cards are placed onto two fluidic manifolds (nine cards per manifold),
followed by integration of the manifolds into the 4U BioSensor enclosure. Finally, the 4U BioSensor payload is integrated
into the 6U BioSentinel spacecraft.

BIOSENTINEL: DEEP SPACE BIOSENSOR CUBESAT 5



4. Conclusion

BioSentinel builds and improves upon a rich legacy of
biological CubeSat technologies. The iterative advancement
of biological CubeSats permits pioneering science, provid-
ing insight into the biological risks of long-duration space
flight, and establishing exciting possibilities for innovative
life science and human exploration of deep space.
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Abbreviations Used

ARC¼Ames Research Center
EcAMSat¼Escherichia coli AntiMicrobial Satellite

GCR¼ galactic cosmic ray
ICPS¼ interim cryogenic propulsion stage
LEO¼ low Earth orbit
LET¼ linear energy transfer

O/OREOS¼ organism/organic exposure to orbital stresses
SESLO¼ space environment survivability of living

organisms
SPE¼ solar particle event
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