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Interplanetary space radiation

What type of radiation are we qoing to encounter beyond low Earth orbit (LEO)?

Galactic Cosmic Rays (GCRs):

- Interplanetary, continuous, modulated by the 11-year solar cycle

- High-energy protons and highly charged, energetic heavy particles (Fe-56, C-12)
— Not effectively shielded; can break up into lighter, more penetrating pieces

Challenges: biology effects poorly understood (but most hazardous)
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Interplanetary space radiation
Solar Particle Events (SPEs)

- Interplanetary, sporadic, transient (several min to days)
- High proton fluxes (low and medium energy)

- Largest doses occur during maximum solar activity

Challenges: unpredictable; large doses in a short time




Space radiation effects

Space radiation is the # 1 risk to astronaut health on extended
space exploration missions beyond the Earth’s magnetosphere

* Immune system suppression, learning and memory impairment have

been observed in animal models exposed to mission-relevant doses
(Kennedy et al. 2011; Britten et al. 2012)

* Low doses of space radiation are causative of an increased incidence
and early appearance of cataracts in astronauts (Cuccinota et al. 2001)

« Cardiovascular disease mortality rate among Apollo lunar astronauts is
4-5-fold higher than in non-flight and LEO astronauts (Delp et al. 2016)

* Astronauts have shown an increase in
chromosomal abnormalities, even in
LEO, during ISS, Mir & STS (Hubble
shuttle) missions

* GCR will be much more abundant as
astronauts go to higher orbits beyond
Earth’s protective magnetic field

Cucinotta et al. 2008 Chromosomes 1, 2, 4 in red,
green & yellow (ISS)



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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'HUMAN EXPLORATION
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Artemis-1 mission & BioSentinel
(launch 2021/2022)




AJTEMIS 1

The first uncrewed, integrated flight test of NASA’s Orion spacecraft and Space Launch System rocket, launching from a modernized Kennedy spaceport
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Artemis-1: secondary payloads (6U CubeSats)
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CubeSats



CubeSats

CubeSat configurations

Poghosyan & Golkar, 2017




CubeSat technologies (Artemis-1)

Cislunar Explorers




Biological missions using CubeSats
(NASA Ames Research Center, 2006 — 2022)




E. coli

S. cerevisiae

B. subtilis

C. richardii

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

PharmaSat (2009 / 3U): drug dose response
BioSentinel (~2022 / 6U): DNA damage response

O/OREQOS* (2010 / 3U): survival, metabolism | SSESsas
*Organism/Organic Response to Orbital Stress i



GeneSat mission: NASA’s 1st CubeSat

GommunicatioRs
Command.
Data handling

* Model organism: E. coli (~ 0.5 x 2 ym 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 gene expression via GFP
Monitor optical density: cell population

o oe )0

12-well fluidic card

Fluorescence
(GFP)

Fluorescence

(GFP)
Telemeter

data to Earth

Compare to

ground data

Dec 16, 2006



PharmaSat mission

Effect of microgravity on yeast susceptibility to antifungal drug

S. cerevisiae .

May 19, 2009

Launch: May 2009 to LEO (~450 km)

Grow yeast in multiwell fluidics card in microgravity

Measure inhibition of growth by antifungal

Optical absorbance (turbidity: cell density)

Metabolism indicator dye: alamarBlue (3-LED optical detection)
Control + 3 concentrations of antifungal 3U CubeSat

Ground Spaceflight



O/OREOS mission

Organism / Organic Response to Orbital Stress (15t astrobiology CubeSat)

» Effects of space exposure on biological organisms (6 mo) & organic molecules (18 mo)
« SESLO (Space Environment Survival of Living Organisms): monitor survival, growth, and
metabolism of B. subtilis using in-situ optical density /colorimetry
o « SEVO (Space Environment Viability of Organics): track changes in organic molecules and

A %%W LA biomarkers: UV / visible / NIR spectroscopy
Tl e
e, A% < i SEVO
W N P s sample RadFET
B. subtilis R

window

i
e
e
.
e
e
Rt

S-band \ s

patch :
\ UHF

antenna
beacon
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antenna

\

Solar panel

(1of4)

107 spores / well
(75 uL per well) |




SporeSat mission

Gravitational response of fern spores via Ca?* ion channel response

* Model organism: Ceratopteris richardii (aquatic fern spores)

« 2U payload (3U total)

« Launch: April 18, 2014 to low Earth orbit

« Variable gravity in microgravity environment using 50-mm microcentrifuges
« 32 ion-specific [Ca?*] electrode pairs

3U CubeSat




EcAMSat mission

E. coli AntiMicrobial Satellite mission

» Antibiotic resistance in microgravity vs. dose in uropathogenic E. coli

« 6U format provided 50% more solar-panel power to keep payload
experiment at 37 °C for extended durations

* Launch: Nov 12, 2017 (ISS deployment: Nov 20, 2017)

« 18t6U bio CubeSat and 15t bio satellite to be deployed from ISS
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BioSentinel mission: NASA’s 1st interplanetary bio satellite

Main objective: develop a tool with autonomous life support technologies to study the biological

effects of the space radiation environment at different orbits

 First biological study beyond low Earth orbit (LEO) in 50 years

First biological 6U CubeSat to fly beyond LEO

First CubeSat to combine biological studies with autonomous capability & physical dosimetry beyond LEO

Secondary payload in SLS ARTEMIS-1 (launch in 2021/2022) — 13 payloads

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 and gravitational environments (free space, |SS, Lunar surface...)

RADIATION-FILLED DEEP SPACE
WHERE NO YEAST HAS GONE BEFORE pSgIPEUNLCAER

NASA IS SENDING SOME LUCKY YEAST INTO

_ BioSentinel escapes into
Lunar transit a heliocentric orbit
(3-7 days)

Lunar Transfer

& Fly-by
Distance to ISS: ~ 350 km
Distance to the Moon: ~385,000 km
Distance at 6 months: ~40’000,000 km
Launch

T Secondary payload
deployment (L+4-5 hrs)




What is BioSentinel?

BioSentinel is a yeast radiation biosensor that will measure the DNA damage response caused by space radiation,
and will provide a tool to study the true biological effects of the space environment at different orbits.

Why?
Space radiation environment’s unique spectrum cannot be duplicated on Earth. It includes high-energy particles, is
omnidirectional, continuous, and of low flux.

How?

Lab-engineered S. cerevisiae cells will sense & repair direct (and indirect) damage to their DNA. Yeast cells will remain
dormant until rehydrated and grown using a microfluidic and optical detection system.




What is BioSentinel?

BioSentinel is a yeast radiation biosensor that will measure the DNA damage response caused by space radiation,
and will provide a tool to study the true biological effects of the space environment at different orbits.

Why?
Space radiation environment’s unique spectrum cannot be duplicated on Earth. It includes high-energy particles, is
omnidirectional, continuous, and of low flux.

How?

Lab-engineered S. cerevisiae cells will sense & repair direct (and indirect) damage to their DNA. Yeast cells will remain
dormant until rehydrated and grown using a microfluidic and optical detection system.

Why budding yeast?

It is an eukaryote; easy genetic & physical
manipulation; assay availability; flight heritage;
ability to be stored in dormant state




BioSentinel: a 6U nanosatellite for deep space

Budding yeast 16-well fluidic card (x18) Car S'faCk 9-card fluidic manifold (x2)
. f\ l‘p go
S50
Q "c.

6U BioSentinel spacecraft
4U BioSensor payload



BioSentinel: microfluidics card

3-LED emitter

Microfluidic t Optical
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BioSentinel: optical detection system

Dedicated 3-color optical system at each well to track growth via I s W W 0 I s 0 mWm  T I s o m w@
optical density and cell metabolic activity via dye color changes aisn | 9000060 @,'Q:Q‘Q\‘Q e 0@ Q-’Q_\?._
: - 52 | 9GO0 000000 (20000
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BioSentinel: future & ongoing objectives

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



Examples of future biosensor technologies

Dielectric spectroscopy biosensor

Smm

Fluidic well —

Cells in solution

. ”

>

SENSOR SIDE 1 — SENSOR SIDE 2
CIRCUIT BOARD
SHIELD

oal: Develop miniaturized instrument for continuous
non-invasive monitoring of the biological response to
deep space radiation via bio electrical signatures.

TOP: Dielectric sensing prototype with electrodes
connecting to microwell containing bio organisms.

BOTTOM: Rendering of prototype and cross-sectional
illustration of contactless sensing mechanism.

Credit: Oxford Nanopore Technologies

Miniaturized bio sequencing devices

~

Goals: Design and develop
instruments with integrated bio
growth, sample extraction, and
sequencing capabilities to study
effects of space environment on
microorganisms (e.g., DNA
mutations, gene expression)

SporeSat

Microcentrifuges to
Qenerate artificial gravity

Repurpose proven LEO technologies for deep space

Fluorescence microscopy 'g
GeneSat \

B
-

Organ / tissue on chip
microfluidics /




Conclusions

Nanosatellites like CubeSats can do real science in low Earth orbit (LEO) and in

interplanetary deep space
o Instrument miniaturization & new micro/nano technologies
o Fully automated instruments
o Adaptable technologies for different platforms (ISS, free-flyers, Lunar landers & gateway)
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 in desiccated form, filling microfluidic cards/wells in microgravity
o Long-term material & reagent biocompatibility (long-duration pre-launch preparation)
o Radiation-tolerant design
o High-heritage components: microfluidics, optical measurements, environmental sensors



