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Artemis I – VI missions
Vehicles for biological research beyond LEO



Artemis I – VI missions
Vehicles for biological research beyond LEO

Human Lander System

CLPS landers

CubeSat missions
(secondary payloads)



NASA Ames pioneering bio CubeSat missions: 2006 – 2017

C. richardii SporeSat-1 (2014 / 3U): ion channel sensors, µ-centrifuges

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

B. subtilis O/OREOS* (2010 / 3U): survival, metabolism

S. cerevisiae      PharmaSat (2009 / 3U): drug dose response

*Organism/Organic Response to Orbital Stress



MarCO (Mars Cube One)
1st interplanetary CubeSats

Mars



Objective: study biological response to deep space radiation & develop instrument to support bio in deep space

- First biological CubeSat to fly beyond LEO (launched on Artemis I in 2022)
- First CubeSat to combine biological studies with autonomous capability & physical dosimetry beyond LEO
- Far beyond the protection of Earth’s magnetosphere (~0.3 AU from Earth at 6 months; ~40 million km)
- Control experiment on ISS (2022) & on the lunar surface (Artemis III; radiation + partial gravity)

BioSentinel: the 1st interplanetary bio satellite

ISS

Moon
lander



Technology miniaturization & evolution
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c-rayandMMSspotdilutionswereconductedtwice.Plateswerescannedusing
anEpsonPerfection1650.Geneticanalyseswereperformedaspreviously
described(44).Fourfulltetradsfromrad52Dcontrolcrossesandfivefromthe
200-Gyprotonsurvivorcrosses(YTH3223)werepicked.Thedatashownare
representativeofthedataobtained.

Protonirradiation

TheprotonacceleratoratLLUMCwasthesourceofprotonsutilizedinthis
study.Theexperimentalarrangementoftheprotonacceleratorusedwas
describedpreviously(13).Controlplatesweremanipulatedsimilartoirradiated
plates.Thedoseratewas0.6Gy/minatanenergyof250MeV(237MeVat
targetwithaLETof0.41keV/lm).LETvaluesatLLUMCwerepreviously
reportedas0.39keV/lmforanenergyof249MeV(43)and0.5keV/lmforan
energyof172MeV,inwhicha38-mmpolycarbonateabsorberwasused(13).
Calibrationandchargereadingswereperformedbyplacinganionchamber
(PTWMarkusparallelplate)atthetarget.Thiswasperformedandcalculatedat
leastthreetimesoruntilthereadingsagreed.Thesereadingswerethen
comparedtoadetectorupstream,whichdetectedthenumberofcountsup-
streamthatequal1Gyatthetarget.Aftercalculation,theionchamberwas
removedandtheplateswereplacedatthetarget.Theregionbeforetheentrance
oftheBraggcurvewasused.ThepeakoftheBraggcurvewasmonoenergetic,
meaningtherewasnorangeshiftingandthepeakwasnotspreadout.Yeast
plateswereexposedtoprotonsinatleastthreeseparateexperimentswith
reproducibleresults.Itwasnotnecessarytogrowcellsinthedarkfollowing
exposuretoprotonsandc-raysasphotoreactivationdoesnotrepairstrand
breaks.

Survivalcurves

Overnightcultures(2ml)ofyeaststrainsweregrownat30!CinYPDliquid.
CellconcentrationsweredeterminedbyOD600measurements.Serialdilutions
wereperformedandaknownnumberofcells(50–100cells/plate)wereplated
onYPDplatescontaining2%agar.Cellswereexposedto254-nmUVlightin
aUVcross-linkeratthedosesindicated.Theplateswerewrappedinfoilalong
withtheunexposedcontrolplatesandincubatedfor3daysat30!Cpriorto
counting.Protonirradiationsurvivalcurveswereperformedinthesame
manner.Thesamenumberofcellswereplatedonaseriesofplatesandplaced
undertheprotonbeam.Afteracertaindosewasachieved,theappropriate

plateswereremoved.Thecoloniesonallplateswerethenmanuallycounted
andthenumberofsurvivingcoloniesonexposedplateswascomparedtothe
numberofcoloniespresentonunexposedplates(ofthesamenumberofcells
plated)todeterminesurvivalpercentage.Mostexperimentsweredoneatleast
threetimesinduplicate.ThecurvepresentedinFigure1Bwastypicalofthe
resultsobtainedfromthatexperiment.

Multipleexposureprotocol

Treatmentofcellswithmorethanonestresswasconductedasfollows.In-
dividualcoloniesthatsurvivedtheprimaryprotonirradiationwereselected,
culturedandstoredaspermanentglycerolstocksat–80!C.Thesecellswere
thenrepropagatedonYPDandexposedtoUV,c-rays,elevatedtemperaturesor
protonsasdescribedabove.Again,individualcoloniesthatsurvivedthese
treatmentswereselected,culturedandstoredat–80!C.

Statisticalanalysis

Resultsweregraphedanderrorbarsweredeterminedusingstandarderrorof
themean.Generally,mean!standarderror(forthenumberofexperiments
designated)wasreported.Insomecases,theerrorbarsweresmallerthanthe
symbolrepresentingthecurve.

Results

YeastcellslackingHRandPRRrepairpathwaysaresensitive
toprotonirradiation
WeemployedS.cerevisiaeinouranalysisoftheDNArepair
mechanismsusedtorepairdamagearisingfromproton
irradiation.Yeastcellsharboringgenedeletionsforspecific
repairenzymesinvolvedinNER(rad1D),PRR(rad18D),HR
(rad52D),BER(apn1Dapn2D)andmitoticcheckpoints
(mec1D)werespotdilutedontoYPDplatesandexposedto
increasingdosesofprotons.Isogenicwild-typestrainsfor
apn1Dapn2D,rad1D,rad18Dandrad52Dandformec1D
wereused(generouslyprovidedbyD.BotsteinandA.Emili,

Fig.1.YeaststrainslackingproteinsinvolvedinrepairofDNAstrandbreaksaresensitivetoprotonirradiation.(A)YeaststrainslackingproteinsinvolvedinBER
(apn1Dapn2D),NER(rad1D),PRR(rad18D),HR(rad52D),cellcyclecheckpoints(mec1D)andtheisogenicwild-typestrains,DBY747(forapn1Dapn2D,
rad1D,rad18Dandrad52D)andYMP10650(formec1D),afterexposureto150-GyprotonsgeneratedfromtheprotonacceleratoratLomaLindaUniversity.(B)
Thestrainsshownin(A)weretreatedwithincreasingdosesofprotonirradiationinordertogenerateasurvivalcurve.Adilutionseriesofcellswaspreparedand
volumesaccordingto100and1000cellswereplatedontoYPDplates.Theplateswerethenexposedtotheprotondosagesshownandthenincubatedat30!Cfor3
days.Thenumberofcoloniesthatgrewoneachplatewascomparedtotheuntreatedplatestodeterminepercentsurvivalforeachprotondose.Singlerad52D
coloniesthatsurvived150and200-Gyprotonirradiationwereselected,culturedandtreatedasaboveforinclusioninthissurvivalcurve.Thecurveshownistypical
oftheresultsobtained.(C)YeaststrainslackingproteinsinvolvedinHR,rad50D,rad51D,rad54D,rad55D,rad57Dandxrs2Dandtheisogenicwildtype
(LYS390),weretreatedasin(A).

Repairofproton-inducedDNAdamage
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Optical measurements
(growth & metabolic activity)

DNA damage response

Genome instability 

Optical measurements
(fluid exchanges, selective media)

Induced mutagenesis

Continuous culturing
& artificial gravity

(multigeneration studies)
Adaptive evolution

Fluidic well

SHIELD
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Cells in solution
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Dielectric biosensors 
(bioelectric signatures)

DNA/RNA sequencing 
with integrated cell growth 

& sample preparation

Fluorescence imaging & cytometry
Gene expression & damage response

Single-cell 
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