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The limits of life in space – as we know it – is 12.5 days on a lunar round trip or ~1.5 years in LEO. As we 
send people further into space, we can use model organisms and/or biosensors to understand the 

biological risks and how they can be addressed
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CubeSats

Poghosyan & Golkar, 2017

CubeSat configurations

PharmaSat (3U, 2009)

O/OREOS (3U, 2010)

SporeSat (3U, 2014)

EcAMSat (6U, 2017)

GeneSat-1 (3U, 2006)



Artemis-1 mission & BioSentinel
(launch 2022)



Artemis-1: secondary payloads (6U CubeSats)



Main objective: develop an instrument with autonomous life support technologies to study the biological                
effects of the space radiation environment at different orbits

• First biological CubeSat beyond low Earth orbit (LEO)
- First CubeSat to combine biological studies with autonomous capability & physical dosimetry beyond LEO

- Secondary payload in SLS ARTEMIS-1 (launch in FY22)

- Far beyond the protection of Earth’s magnetosphere (~0.3 AU from Earth at 6 months; ~40 million km)

- BioSentinel will allow to compare different radiation & gravitational environments (deep space, LEO, lunar surface…)

BioSentinel mission: NASA’s 1st interplanetary bio satellite

Launch

Secondary payload
deployment (L+4-5 hrs)

Lunar transit
(3-7 days)

Lunar Transfer
& Fly-by

BioSentinel escapes into 
a heliocentric orbit

Distance to ISS:                            ~ 350 km
Distance to the Moon:            ~385,000 km
Distance at 6 months:       ~40’000,000 km



Team publications (2020)



BioSentinel: a 6U nanosatellite for deep space

Spacecraft sections:

• BioSensor payload (~4U with 18 fluidic cards 
loaded with desiccated cells, each with dedicated 
thermal control & optical detection system)

• Spacecraft bus (propulsion, navigation, batteries, 
transponder, star tracker…)

6U CubeSat
37 x 24 x 12 cm ~ 10 L 

Stowed

Deployed



BioSentinel: a 6U nanosatellite for deep space

Propulsion 
system

Batteries

Attitude control subsystemStar tracker cutout

Solar arrays

Solar array 
gimbal

BioSensor payload 
(~4U, 4.5 kg)

Low-gain 
antennas

Command & data 
handling EPS

Medium-gain 
antenna LET radiation 

sensor

Iris 
transponder



BioSentinel: a 6U nanosatellite for deep space

LET spectrometer



BioSentinel: a 6U nanosatellite for deep space

ISS

LET spectrometer



Lunar BioSensor: microfluidics system
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Manifold-integrated components:
• 2 pumps
• 24 active & 38 check valves
• 2 main bubble traps
• 4 optical calibration cells
• 18 fluidic cards with small 

bubble traps & desiccant traps
• 288 microwells total



Microfluidic 
card (x18)

Optical 
Source

Heater
layer

Fluidic
card
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Lunar BioSensor: microfluidics card

3-LED emitter

Photodiode detector array



Lunar BioSensor: temperature control

23°C
22.7°C

23°C

11°C

As-modeled, < 0.5 W to  heat one card

• 23°C: biology temperature for “active growth” fluidic card

• ~ 9°C for non-active cards: maintain biological viability

o “Keep-alive” 4°C minimum at all times, cards & reagents

• Challenge: no active control from L-6+ months to deployment 



Lunar BioSensor: optical detection system

HR repair defective cells show sensitivity to ionizing radiation
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Proton (150 MeV) irradiation sensitivity: rad51Δ mutant strain 
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Gamma irradiation sensitivity: rad52 HR defective strain 
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c-ray and MMS spot dilutions were conducted twice. Plates were scanned using
an Epson Perfection 1650. Genetic analyses were performed as previously
described (44). Four full tetrads from rad52D control crosses and five from the
200-Gy proton survivor crosses (YTH3223) were picked. The data shown are
representative of the data obtained.

Proton irradiation

The proton accelerator at LLUMC was the source of protons utilized in this
study. The experimental arrangement of the proton accelerator used was
described previously (13). Control plates were manipulated similar to irradiated
plates. The dose rate was 0.6 Gy/min at an energy of 250 MeV (237 MeV at
target with a LET of 0.41 keV/lm). LET values at LLUMC were previously
reported as 0.39 keV/lm for an energy of 249 MeV (43) and 0.5 keV/lm for an
energy of 172 MeV, in which a 38-mm polycarbonate absorber was used (13).
Calibration and charge readings were performed by placing an ion chamber
(PTW Markus parallel plate) at the target. This was performed and calculated at
least three times or until the readings agreed. These readings were then
compared to a detector upstream, which detected the number of counts up-
stream that equal 1 Gy at the target. After calculation, the ion chamber was
removed and the plates were placed at the target. The region before the entrance
of the Bragg curve was used. The peak of the Bragg curve was monoenergetic,
meaning there was no range shifting and the peak was not spread out. Yeast
plates were exposed to protons in at least three separate experiments with
reproducible results. It was not necessary to grow cells in the dark following
exposure to protons and c-rays as photoreactivation does not repair strand
breaks.

Survival curves

Overnight cultures (2 ml) of yeast strains were grown at 30!C in YPD liquid.
Cell concentrations were determined by OD600 measurements. Serial dilutions
were performed and a known number of cells (50–100 cells/plate) were plated
on YPD plates containing 2% agar. Cells were exposed to 254-nm UV light in
a UV cross-linker at the doses indicated. The plates were wrapped in foil along
with the unexposed control plates and incubated for 3 days at 30!C prior to
counting. Proton irradiation survival curves were performed in the same
manner. The same number of cells were plated on a series of plates and placed
under the proton beam. After a certain dose was achieved, the appropriate

plates were removed. The colonies on all plates were then manually counted
and the number of surviving colonies on exposed plates was compared to the
number of colonies present on unexposed plates (of the same number of cells
plated) to determine survival percentage. Most experiments were done at least
three times in duplicate. The curve presented in Figure 1B was typical of the
results obtained from that experiment.

Multiple exposure protocol

Treatment of cells with more than one stress was conducted as follows. In-
dividual colonies that survived the primary proton irradiation were selected,
cultured and stored as permanent glycerol stocks at –80!C. These cells were
then repropagated on YPD and exposed to UV, c-rays, elevated temperatures or
protons as described above. Again, individual colonies that survived these
treatments were selected, cultured and stored at –80!C.

Statistical analysis

Results were graphed and error bars were determined using standard error of
the mean. Generally, mean ! standard error (for the number of experiments
designated) was reported. In some cases, the error bars were smaller than the
symbol representing the curve.

Results

Yeast cells lacking HR and PRR repair pathways are sensitive
to proton irradiation
We employed S.cerevisiae in our analysis of the DNA repair
mechanisms used to repair damage arising from proton
irradiation. Yeast cells harboring gene deletions for specific
repair enzymes involved in NER (rad1D), PRR (rad18D), HR
(rad52D), BER (apn1D apn2D) and mitotic checkpoints
(mec1D) were spot diluted onto YPD plates and exposed to
increasing doses of protons. Isogenic wild-type strains for
apn1D apn2D, rad1D, rad18D and rad52D and for mec1D
were used (generously provided by D. Botstein and A. Emili,

Fig. 1. Yeast strains lacking proteins involved in repair of DNA strand breaks are sensitive to proton irradiation. (A) Yeast strains lacking proteins involved in BER
(apn1D apn2D), NER (rad1D), PRR (rad18D), HR (rad52D), cell cycle checkpoints (mec1D) and the isogenic wild-type strains, DBY747 (for apn1D apn2D,
rad1D, rad18D and rad52D) and YMP10650 (for mec1D), after exposure to 150-Gy protons generated from the proton accelerator at Loma Linda University. (B)
The strains shown in (A) were treated with increasing doses of proton irradiation in order to generate a survival curve. A dilution series of cells was prepared and
volumes according to 100 and 1000 cells were plated onto YPD plates. The plates were then exposed to the proton dosages shown and then incubated at 30!C for 3
days. The number of colonies that grew on each plate was compared to the untreated plates to determine percent survival for each proton dose. Single rad52D
colonies that survived 150 and 200-Gy proton irradiation were selected, cultured and treated as above for inclusion in this survival curve. The curve shown is typical
of the results obtained. (C) Yeast strains lacking proteins involved in HR, rad50D, rad51D, rad54D, rad55D, rad57D and xrs2D and the isogenic wild type
(LYS390), were treated as in (A).

Repair of proton-induced DNA damage
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c-ray and MMS spot dilutions were conducted twice. Plates were scanned using
an Epson Perfection 1650. Genetic analyses were performed as previously
described (44). Four full tetrads from rad52D control crosses and five from the
200-Gy proton survivor crosses (YTH3223) were picked. The data shown are
representative of the data obtained.

Proton irradiation

The proton accelerator at LLUMC was the source of protons utilized in this
study. The experimental arrangement of the proton accelerator used was
described previously (13). Control plates were manipulated similar to irradiated
plates. The dose rate was 0.6 Gy/min at an energy of 250 MeV (237 MeV at
target with a LET of 0.41 keV/lm). LET values at LLUMC were previously
reported as 0.39 keV/lm for an energy of 249 MeV (43) and 0.5 keV/lm for an
energy of 172 MeV, in which a 38-mm polycarbonate absorber was used (13).
Calibration and charge readings were performed by placing an ion chamber
(PTW Markus parallel plate) at the target. This was performed and calculated at
least three times or until the readings agreed. These readings were then
compared to a detector upstream, which detected the number of counts up-
stream that equal 1 Gy at the target. After calculation, the ion chamber was
removed and the plates were placed at the target. The region before the entrance
of the Bragg curve was used. The peak of the Bragg curve was monoenergetic,
meaning there was no range shifting and the peak was not spread out. Yeast
plates were exposed to protons in at least three separate experiments with
reproducible results. It was not necessary to grow cells in the dark following
exposure to protons and c-rays as photoreactivation does not repair strand
breaks.

Survival curves

Overnight cultures (2 ml) of yeast strains were grown at 30!C in YPD liquid.
Cell concentrations were determined by OD600 measurements. Serial dilutions
were performed and a known number of cells (50–100 cells/plate) were plated
on YPD plates containing 2% agar. Cells were exposed to 254-nm UV light in
a UV cross-linker at the doses indicated. The plates were wrapped in foil along
with the unexposed control plates and incubated for 3 days at 30!C prior to
counting. Proton irradiation survival curves were performed in the same
manner. The same number of cells were plated on a series of plates and placed
under the proton beam. After a certain dose was achieved, the appropriate

plates were removed. The colonies on all plates were then manually counted
and the number of surviving colonies on exposed plates was compared to the
number of colonies present on unexposed plates (of the same number of cells
plated) to determine survival percentage. Most experiments were done at least
three times in duplicate. The curve presented in Figure 1B was typical of the
results obtained from that experiment.

Multiple exposure protocol

Treatment of cells with more than one stress was conducted as follows. In-
dividual colonies that survived the primary proton irradiation were selected,
cultured and stored as permanent glycerol stocks at –80!C. These cells were
then repropagated on YPD and exposed to UV, c-rays, elevated temperatures or
protons as described above. Again, individual colonies that survived these
treatments were selected, cultured and stored at –80!C.

Statistical analysis

Results were graphed and error bars were determined using standard error of
the mean. Generally, mean ! standard error (for the number of experiments
designated) was reported. In some cases, the error bars were smaller than the
symbol representing the curve.

Results

Yeast cells lacking HR and PRR repair pathways are sensitive
to proton irradiation
We employed S.cerevisiae in our analysis of the DNA repair
mechanisms used to repair damage arising from proton
irradiation. Yeast cells harboring gene deletions for specific
repair enzymes involved in NER (rad1D), PRR (rad18D), HR
(rad52D), BER (apn1D apn2D) and mitotic checkpoints
(mec1D) were spot diluted onto YPD plates and exposed to
increasing doses of protons. Isogenic wild-type strains for
apn1D apn2D, rad1D, rad18D and rad52D and for mec1D
were used (generously provided by D. Botstein and A. Emili,

Fig. 1. Yeast strains lacking proteins involved in repair of DNA strand breaks are sensitive to proton irradiation. (A) Yeast strains lacking proteins involved in BER
(apn1D apn2D), NER (rad1D), PRR (rad18D), HR (rad52D), cell cycle checkpoints (mec1D) and the isogenic wild-type strains, DBY747 (for apn1D apn2D,
rad1D, rad18D and rad52D) and YMP10650 (for mec1D), after exposure to 150-Gy protons generated from the proton accelerator at Loma Linda University. (B)
The strains shown in (A) were treated with increasing doses of proton irradiation in order to generate a survival curve. A dilution series of cells was prepared and
volumes according to 100 and 1000 cells were plated onto YPD plates. The plates were then exposed to the proton dosages shown and then incubated at 30!C for 3
days. The number of colonies that grew on each plate was compared to the untreated plates to determine percent survival for each proton dose. Single rad52D
colonies that survived 150 and 200-Gy proton irradiation were selected, cultured and treated as above for inclusion in this survival curve. The curve shown is typical
of the results obtained. (C) Yeast strains lacking proteins involved in HR, rad50D, rad51D, rad54D, rad55D, rad57D and xrs2D and the isogenic wild type
(LYS390), were treated as in (A).
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c-ray and MMS spot dilutions were conducted twice. Plates were scanned using
an Epson Perfection 1650. Genetic analyses were performed as previously
described (44). Four full tetrads from rad52D control crosses and five from the
200-Gy proton survivor crosses (YTH3223) were picked. The data shown are
representative of the data obtained.

Proton irradiation

The proton accelerator at LLUMC was the source of protons utilized in this
study. The experimental arrangement of the proton accelerator used was
described previously (13). Control plates were manipulated similar to irradiated
plates. The dose rate was 0.6 Gy/min at an energy of 250 MeV (237 MeV at
target with a LET of 0.41 keV/lm). LET values at LLUMC were previously
reported as 0.39 keV/lm for an energy of 249 MeV (43) and 0.5 keV/lm for an
energy of 172 MeV, in which a 38-mm polycarbonate absorber was used (13).
Calibration and charge readings were performed by placing an ion chamber
(PTW Markus parallel plate) at the target. This was performed and calculated at
least three times or until the readings agreed. These readings were then
compared to a detector upstream, which detected the number of counts up-
stream that equal 1 Gy at the target. After calculation, the ion chamber was
removed and the plates were placed at the target. The region before the entrance
of the Bragg curve was used. The peak of the Bragg curve was monoenergetic,
meaning there was no range shifting and the peak was not spread out. Yeast
plates were exposed to protons in at least three separate experiments with
reproducible results. It was not necessary to grow cells in the dark following
exposure to protons and c-rays as photoreactivation does not repair strand
breaks.

Survival curves

Overnight cultures (2 ml) of yeast strains were grown at 30!C in YPD liquid.
Cell concentrations were determined by OD600 measurements. Serial dilutions
were performed and a known number of cells (50–100 cells/plate) were plated
on YPD plates containing 2% agar. Cells were exposed to 254-nm UV light in
a UV cross-linker at the doses indicated. The plates were wrapped in foil along
with the unexposed control plates and incubated for 3 days at 30!C prior to
counting. Proton irradiation survival curves were performed in the same
manner. The same number of cells were plated on a series of plates and placed
under the proton beam. After a certain dose was achieved, the appropriate

plates were removed. The colonies on all plates were then manually counted
and the number of surviving colonies on exposed plates was compared to the
number of colonies present on unexposed plates (of the same number of cells
plated) to determine survival percentage. Most experiments were done at least
three times in duplicate. The curve presented in Figure 1B was typical of the
results obtained from that experiment.

Multiple exposure protocol

Treatment of cells with more than one stress was conducted as follows. In-
dividual colonies that survived the primary proton irradiation were selected,
cultured and stored as permanent glycerol stocks at –80!C. These cells were
then repropagated on YPD and exposed to UV, c-rays, elevated temperatures or
protons as described above. Again, individual colonies that survived these
treatments were selected, cultured and stored at –80!C.

Statistical analysis

Results were graphed and error bars were determined using standard error of
the mean. Generally, mean ! standard error (for the number of experiments
designated) was reported. In some cases, the error bars were smaller than the
symbol representing the curve.

Results

Yeast cells lacking HR and PRR repair pathways are sensitive
to proton irradiation
We employed S.cerevisiae in our analysis of the DNA repair
mechanisms used to repair damage arising from proton
irradiation. Yeast cells harboring gene deletions for specific
repair enzymes involved in NER (rad1D), PRR (rad18D), HR
(rad52D), BER (apn1D apn2D) and mitotic checkpoints
(mec1D) were spot diluted onto YPD plates and exposed to
increasing doses of protons. Isogenic wild-type strains for
apn1D apn2D, rad1D, rad18D and rad52D and for mec1D
were used (generously provided by D. Botstein and A. Emili,

Fig. 1. Yeast strains lacking proteins involved in repair of DNA strand breaks are sensitive to proton irradiation. (A) Yeast strains lacking proteins involved in BER
(apn1D apn2D), NER (rad1D), PRR (rad18D), HR (rad52D), cell cycle checkpoints (mec1D) and the isogenic wild-type strains, DBY747 (for apn1D apn2D,
rad1D, rad18D and rad52D) and YMP10650 (for mec1D), after exposure to 150-Gy protons generated from the proton accelerator at Loma Linda University. (B)
The strains shown in (A) were treated with increasing doses of proton irradiation in order to generate a survival curve. A dilution series of cells was prepared and
volumes according to 100 and 1000 cells were plated onto YPD plates. The plates were then exposed to the proton dosages shown and then incubated at 30!C for 3
days. The number of colonies that grew on each plate was compared to the untreated plates to determine percent survival for each proton dose. Single rad52D
colonies that survived 150 and 200-Gy proton irradiation were selected, cultured and treated as above for inclusion in this survival curve. The curve shown is typical
of the results obtained. (C) Yeast strains lacking proteins involved in HR, rad50D, rad51D, rad54D, rad55D, rad57D and xrs2D and the isogenic wild type
(LYS390), were treated as in (A).
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Yeast growth with flight-like 
optical unit

Dedicated 3-color optical system at each well to track growth via
optical density and cell metabolic activity via dye color changes     

LEDs:  570 nm (green, measures pink)

630 nm (red, measures blue)

850 nm (infrared, measures growth)

Brookhaven National Lab



Lunar BioSensor

Research Goals:
- Measure the biological response to ambient lunar radiation and 

gravity in a model organism (budding yeast)
- Compare biological response to onboard dosimetry & BioSentinel 

experiments (deep space free flyer, ISS & ground controls)

Instrument Capabilities:
- Fully automated microfluidics & optical detection systems
- 18 fluidic cards with 16 microwells per card (288 replicates)
- Dedicated active thermal control per card
- Optical detection system for cell growth & metabolic activity
- Onboard LET spectrometer for radiation dose and energy 

characterization
- Utilize lunar lander for power and data relay

Development Approach:
- Replicates payload design from BioSentinel free flyer & ISS 

missions
- Existing payload resource requirements and structure easily 

adaptable to lander mechanical interface and location
- Strategize thermal management approach to suit lunar 

environment

Requirements Instrument specifics
Mass ~ 7.5 kg (5 kg instrument + 2.5 kg interface)

Volume ~ 8 – 9 liters

Power
Dependent on thermal environment

Typical: < 8 – 10 W average, < 13 W peak

Communication Wired RS-422 / < 2 Mbit per day

Current TRL TRL 6/7 (higher by launch date)

Lander site location Anywhere on the Moon

Budding yeast

Fluidic card (x18)

~5 cm4 cm

LET spectrometer

4U BioSensor payload

Fluidic manifold (x2)



Future & ongoing objectives

Mapping the radiation / gravity continuum of biological effects using a common instrument

BioSentinel
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Conclusions & wish list

• Small satellite-based instruments can do real science in LEO and in deep space
o Enabled by instrument miniaturization, new micro technologies & automation

o Adaptable technologies for different platforms (ISS, free-flyers, landers, gateway)

o Real-time, in-situ experiments provide insights on dynamics not available from sample return approach



Conclusions & wish list

• Small satellite-based instruments can do real science in LEO and in deep space
o Enabled by instrument miniaturization, new micro technologies & automation

o Adaptable technologies for different platforms (ISS, free-flyers, landers, gateway)

o Real-time, in-situ experiments provide insights on dynamics not available from sample return approach

• So, what can we do with a BioSensor-like instrument?
o Flying biology in desiccated form (long-term pre-launch preparation)

o Filling microfluidic cards in reduced gravity + radiation to study DNA damage response & mutagenesis

o Radiation shielding studies (e.g., new materials, lunar regolith)

o Acquisition of beneficial mutations using genetic markers (fluid exchanges)

o Antibiotic/antifungal resistance studies

o Gene expression using chromogenic/fluorescent proteins

o Gene inactivation to study your favorite cellular pathway (i.e., thermal inactivation)

o Different investigations within same 4U payload (i.e., 2 manifolds, 18 cards, 288 wells)
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