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Microgravity & space radiation



Microgravity effects



Solar Particle 
Events (SPEs)

Galactic Cosmic Rays (GCR)

Interplanetary space radiation
What are we going to encounter beyond LEO?

Limits of life in space, as studied to date: 

• 12.5 days on a lunar round trip &
• 1.5 years in LEO (ISS)



Launch

Space radiation effects

• Astronauts have  in # chromosomal abnormalities, even at low 
Earth orbits, during ISS, Mir & STS (Hubble shuttle) missions 

• The relative increase in frequency of these chromosomal
abnormalities ranges from 1.5 to 1.8 times more than pre-flight
levels (95% CL)

Ø GCR will be much more abundant as astronauts go to higher
orbits beyond Earth’s protective magnetosphere
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Time in space (days)

Straume et al. 2017

Radiation & spaceflight damages chromosomes as measured in astronauts’ white blood 
cells (lymphocytes) – expect effect to be greater in deep space than on ISS

Chromosomes 1, 2, 4 in red, green, and yellow (ISS)

Cucinotta et al. 2008



What’s next for NASA?
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Mission DurationMinutes

12.5 days 6 months 3 years

62 mi

180-300 mi

240,000 mi

Millions mi

36 million mi

Unknown

12 months

Extended ISS

NEA
Mars

Beyond

• L2

18 months

25 million mi
65 million mi

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 to understand the biological risks and how they can be addressed.

Known



CubeSats



CubeSat technologies

ISARA (Integrated Solar Array and 
Reflectarray Antenna)

RainCube



Launch

CubeSat technologies



Launch

CubeSat technologies

EDSN (Edison Demonstration of Smallsat Networks)



• Small Sats are ever more capable: technology 
miniaturization

• Access to space: multiple low-cost launches possible 
(test, learn, iterate)

• Excellent education vehicle (worldwide)

• Autonomous operations

• Technology migration: ISS; landers/orbiters for moon, 
Mars, other planets 

Why Cubesats?



Biological missions using CubeSats
(NASA Ames Research Center, 2006 – 2018)



C. richardii SporeSat-1 (2014 / 3U): ion channel sensors, µ-centrifuges
SporeSat-2 (2018 / 3U): plant gravity sensing threshold

E. coli      GeneSat-1 (2006 / 3U): gene expression
EcAMSat (2017 / 6U): antibiotic resistance

B. subtilis O/OREOS* (2010 / 3U): survival, metabolism
ADRoIT-M** (20xx / 6U): mutations / lithopanspermia

S. cerevisiae      PharmaSat (2009 / 3U): drug dose response
BioSentinel (2019 / 6U): DNA damage repair

C. elegans FLAIR (20xx / 3U): dual-wavelength
fluorescence imager

*Organism/Organic Response to Orbital Stress
**Active DNA Repair on Interplanetary Transport of Microbes 

NASA Ames pioneering biological space missions



1st biological nanosatellite in Earth’s orbit, 1st real-time, in-situ gene expression measurement in space 

• Model organism: E. coli (~ 0.5 x 2 µm bacteria)
• Nutrient deprivation in dormant state (6 weeks)
• Launch: Dec 2006 to low Earth orbit (440 km)
• Nutrient solution feed upon orbit stabilization, grow E. coli in microgravity
• Monitor green fluorescent protein (GFP): gene expression
• Monitor optical density: cell population

Dec 16, 2006 

Fluorescence 
(GFP)

Fluorescence 
(GFP)

Telemeter 
data to Earth

Compare to 
ground data

GeneSat mission



Effect of Microgravity on Yeast Susceptibility to Antifungal Drugs

S. cerevisiae

• Grow yeast in multiwell fluidics card in microgravity
• Measure inhibition of growth by antifungal
• Optical absorbance (turbidity: cell density)
• Metabolism indicator dye: alamarBlue
• Control + 3 concentrations of antifungal 

May 19, 2009

+

PharmaSat mission

SpaceflightGround



• Effects of space exposure on biological organisms (6 mo) & organic molecules (18 mo)
• Monitor survival, growth, and metabolism of B. subtilis using in-situ optical density /colorimetry

(SESLO: Space Environment Survival of Living Organisms)
• Track changes in organic molecules and biomarkers: UV / visible / NIR spectroscopy (SEVO: Space 

Environment Viability of Organics)

Nov 19, 2010

Organism / Organic Response to Orbital Stress

O/OREOS mission

B. subtilis

107 spores / well 
(75 μL per well)



UPEC viability, the wild type and the ∆rpoS strains were grown in
conventional laboratory flasks shaken overnight at 200 rpm in 1/6-
strength LB at 37 °C. As before (Zgurskaya et al., 1997), growth under
these conditions was complete within 6 h, allowing some 8 h in
stationary phase, permitting activation of GSR in the wild type, but
not in the mutant missing the rpoS gene, which, as stated, is required for
the activation of GSR (Matin, 2014). The cultures were then diluted to
an A600 of 0.45 in M9. Gm (Sigma-Aldrich, St. Louis, MO) was added to
both the wild type and the mutant cultures to a final concentration of
16 µg/mL; a parallel aliquot of cell suspension of each strain without
the drug served as control. Following 24-h incubation without shaking,
1.8 mL of the cultures were transferred to test tubes to which 200 µL of
10x AB (ThermoFisher Scientific, Grand Island, NY) were added. To
monitor changes in AB absorption, the cultures were dispensed in
microtiter plate wells (Thermo Scientific, Waltham, MA), each well
receiving 0.25mL. Appropriate control solutions in other rows of the
plates were also in 0.25mL quantities, and five wells were used for each
condition. Absorption changes at 470, 525, and 615 nm were measured
in a microplate reader (Biochrom US, Holliston, MA); data were
acquired by DigiRead software (ASYS Hitech, Holliston, MA) and
transferred to Excel (Microsoft, Redmond, WA) for analysis.

2.3. EcAMSat payload system

The E. coli in this setup are placed in the payload hardware in a 48-
well fluidic card (Fig. 1; Micronics, Redmond, WA). The cards are made
from laser-cut layers of poly(methylmethacrylate), bonded together

with pressure-sensitive acrylic adhesive (9471LE on 51-µm-thick Meli-
nex 455 polyester carrier, 3M; St. Paul, MN). Each well (4.0 mm
diameter x 7.8mm long; 100 µL volume) is fitted at its inlet and outlet
with 0.2-µm filters (nylon fiber; Sterlitech, Kent, WA) to prevent cell
leakage. Well tops and bottoms are sealed by 50-µm-thick air-and-CO2-
permeable optical-quality poly(styrene) membranes. Attached to both
sides of the card are thermal spreaders (thin aluminum plates), each
containing three embedded AD590 temperature sensors that provide
output current directly proportional to absolute temperature (Analog
Devices, Norwood, MA); a thin-film heater fabricated from kapton tape
and patterned metal conductors (Minco, Minneapolis, MN) is affixed to
the opposite side of each spreader plate, relative to the fluidic card, and
controlled in closed-loop fashion using the temperature-sensor outputs.
Each well is equipped with its own 3-color LED (LTST-C17FB1WT; Lite-
On Technology Corp., Taiwan); a photodetector (Model no. TSL237T;
AMS-TAOS USA, Plano, TX) at the opposite end of each well converts
the transmitted light intensity to a proportional frequency, from which
absorbance values can be calculated. (No moving parts are associated
with the optical measurements.) The card, thermal spreaders, and
printed-circuit (PC) boards supporting the LEDs and photodetectors,
which are placed on opposite sides of the fluidic card, constitute the
“card stack” (see the cross section, upper right in Fig. 1).

The card fluid-delivery system (Fig. 1) includes eleven electrically-
actuated solenoid valves (SVs, LHDA0531315HA; The Lee Co., West-
brook, CT); a diaphragm pump for high-flow-rate fluid mixing, circula-
tion, and priming of tubing (NF 5S; KNF Neuberger, Trenton, NJ); a
precision metering pump (LPVX0502600BC; The Lee Co.) to prepare

Fig. 1. Schematic diagram of EcAMSat fluidic system (at left) connected to EcAMSat 48-well fluidic card (at lower right). A single fluidic well is also shown in cross section (top right).
SV= 3-way solenoid valve; arrows show direction of fluid flow; Waste H, M, L, C collect the flow-through from the High, Medium, Low, and Control banks of 12 wells each; other
components are as marked.
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and deliver the desired concentrations and volumes of antibiotic and
other reagents; three 35-mL and six 25-mL reagent bags (fluorinated
ethylene propylene, FEP; American Fluoroseal/Saint-Gobain, Gaithers-
burg, MD); a bubble trap (custom fabricated by NASA Ames); and a
check valve (Smart Products; Morgan Hill, CA) to prevent waste fluids
from flowing back into the system. The 48 wells are configured in 4
fluidically independent rows or “banks” of 12 each (labeled “High”,
“Medium”, “Low”, and “Control” in Fig. 1, indicating the relative Gm
concentrations that were administered). Each bank on the inlet side of
the card is connected to the normally-closed port of one SV and, on the
outlet side, to a 25-mL waste bag partially filled with M9; pressurization
(∼7 kPa) of these waste bags by means of a spring-loaded metal plate
replaces any fluid that evaporates over time from the wells through
their permeable membrane cover. The nutrient (1/6-strength LB),
antibiotic (Gm), antibiotic dilution medium (M9), and AB bags are also
attached to SV normally-closed ports (Fig. 1). A Gm-dilution loop is
created by attaching the M9 bag via another SV near the outlet of the
bubble trap, which is placed ahead of the point of fluid delivery to the
card. The main waste bag collects the previous contents of the tubing
each time it is filled with a new reagent (see below) prior to delivery to
the card.

Fig. 2A and B show, respectively, the assembled EcAMSat payload
fluidic system hardware and the hermetically sealed containment vessel
(internal volume ∼1.2 L) in which the system is housed. The sealed
payload containment vessel is integrated with the spacecraft “bus”,
which includes the power, communications, data-handling, and control
functions. The completed nanosatellite has overall dimensions of
10× 22× 36 cm.

2.4. AB-mediated assessment of Gm effect in the EcAMSat payload

The wild type and ∆rpoS mutant of UPEC were grown as described
above, rinsed with M9 (3x), and diluted in M9 to an A600 of 1.0. In a
sterile biosafety cabinet, 5 µL aliquots of each strain were loaded in
alternating wells of the 48-well fluidic card so that six of the 12 wells
per bank contained the wild type and six wells, the mutant. The card
was sealed and purged with CO2 to facilitate bubble-free filling of the
channels and wells: any CO2 bubbles remaining after priming with
degassed M9 dissolved readily as additional M9 flowed through the
wells. The card was manually primed with a syringe containing
degassed M9 connected to the outlet. A second empty syringe at the
inlet with its plunger drawn back served to generate a slight vacuum
(which assists bubble-free filling of wells). After filling and until
connection was made to the fluidic system, the card remained under
pressure (∼4.4 kPa), arising from a bag containing M9 hanging
approximately 45 cm above the card. This served to replace any fluid
lost by evaporation through the permeable membranes, thereby
preventing bubble formation in the wells. The rest of the sterile fluidic
system was filled with the appropriate solutions (see Fig. 1), assembled
with the rest of the payload hardware, and then sealed in the hermetic
containment vessel; as explained above, slightly pressurized M9 in the
waste bags continued to compensate for any evaporation. As placement
in the containment vessel eliminated further need for a sterile environ-
ment, the assembled payload system was removed from the biosafety
cabinet and attached to a benchtop “rotisserie” apparatus; this rotated
the payload successively clockwise and counterclockwise by nearly one
full rotation with a period of ∼80 s, preventing cell settling. The
experiments were run using ground-support equipment, i.e., a desktop
computer and power supply, and employed a “space-flight-like”
command sequence.

In experiments involving the microtiter plates (see above), cells
were incubated without shaking only when being treated with the drug
and in the absence of nutrients. A biofilm formation by the cells under
these conditions does not occur and none was found. Given the different
setup of the EcAMSat payload, whether a biofilm could form in this
platform and its potential effects on the interpretation of the results are

considered in subsequent sections.
To start the viability measurements, the 3-color LEDs with emissions

at the above-mentioned wavelengths were sequentially energized, one
color and one well at a time. The photodetector of each well converted
the transmitted light intensity of the individual colors to proportional
frequencies, permitting calculation of absorbance. (During the space-
flight experiments, the stored frequencies will be telemetrically trans-
ferred to Earth from the satellite.) The measurements for each well were
taken every 15min. The payload system was warmed to 37 °C for ∼3 h
by the heaters and thermal spreaders with closed-loop temperature
control using the mean value from the six temperature sensors. 1/6-
strength LB was pumped into each bank in turn, starting with the
control bank, replacing the M9. The pumping phase lasted for 2 h per
bank (see Results section for total durations of the various phases). The
cells were allowed to grow to stationary phase, in which the GSR is
activated. Next, the metering pump delivered M9 to the control bank,
each well receiving ∼4x its 100 µL volume to reach at least 90%
exchange. The metering pump then extracted a small, measured

Fig. 2. (A) Fully assembled EcAMSat biological/fluidic/optical/thermal payload system;
(B) its hermetic payload containment vessel with electrical interface board; overall size
∼10× 10× 20 cm. (C) Chronological summary of the sequence of operations and
measurements for the ground experiments conducted to date; the spaceflight system will
follow the same timeline.
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EcAMSat mission

E. coli AntiMicrobial Satellite mission



Artemis-1 mission & BioSentinel
(launch Nov 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





Microfluidic 
card (x18)

Optical 
Source

Heater
layer

Fluidic
card

Heater
layer

Optical 
detector

BioSentinel: microfluidic card

3-LED emitter

Photodiode detector array



Conclusions

• Nanosatellites / CubeSats can do real science in LEO and in interplanetary space
o Tools / devices / methods of bio / micro / nano technologies are enablers
o Real-time, in-situ experiments provide insights on dynamics not available from expose-and-return 

strategies

• Heritage of astrobiology and fundamental space biology experiments in LEO is a 
major enabler for interplanetary biological missions
o Flying biology dry, filling fluidic microwells in microgravity
o Long-term materials biocompatibility, stasis > 1 year, yeast in microgravity
o Radiation-tolerant design (e.g., O/OREOS functional after > 4 years)
o High-heritage sensors, fluidic components & approach, optical measurement approach to growth 

& metabolism



Future (and ongoing) objectives

A flexible design that can (and will be) used on different space platforms




