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Mission To Mars - Available in-situ resources
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Grady et al. (2022)Water	ice	
(caps,	ground,	H20-minerals)

Regolith	(soil)
Atmosphere
(CO2/N2)



Mission To Mars
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-	Regolith-leaching
 → Extracts nutrients

-	Diazotrophic
 → Fixes N2

-	Photosynthetic
 → Fixes CO2 using light
 → Produces O2

- Biological in-situ resource utilisation

Vegetative
  cells

Heterocysts

Anabaena	sp.	PCC	7938:
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Biological ISRU - Tri-phasic challenges for bioreactors

Design	considerations:
• Regolith shadowing → photosynthesis?
• Agitation/bubbling → shadowing/homogenisation?  
• Contamination → sterilisation?
• MGS-1/H2O renewal → bioreactor type?
• Watertightness/leakproofness?

Three	phases:

MGS-1

H2O

CO2/N2

MGS-1 = Mars Global Simulant 1 (Space Resource Technologies)



Objectives
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- Cyanobacteria ISRU on Mars

• Cyanobacterium photobioreactors	
designs for ISRU on Mars:

• Sterilisable:	vessel, connections, medium, 
regolith,…

• Operational	support: inoculation, medium 
filling, sampling,…

• Parameter	control: temperature, pH and light
flux.

• Full	ISRU	capability:	CO2/N2 bubbling, 
regolith leaching.

• Study the growth	dynamics	of Anabaena 
sp. in the developed bioreactors.

ISRU = In-Situ Resource Utilisation



Materials & Methods
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- Bag bioreactors

• Heat-sealed plastic bags = ↓ESM
• Cheap & easy for prototyping
• Scalable and reusable

ESM = Equivalent System Mass



Materials & Methods - Rotary drum bioreactors

• Robust acrylic vessel = ↑ESM
• Bubbling = ↑homogeneity
• Swiveling = regolith renewal
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Materials & Methods - Packed-bed bioreactors

• Robust acrylic vessel = ↑ESM
• Sintered	regolith	=	↓shadowing = ↑ESM
• Sintered pellet basket = regolith renewal
• Bubbling + recirculation loop = ↑ homogeneity
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Materials & Methods - Sintered regolith pellets

→	Sintering: Heat-based regolith agglomeration (MGS-1 + H2O + binder)
08



Materials & Methods - Sintered regolith pellets

27	pellet	batches	tested: MGS-1 + H2O + (binders)
● Binders: Spirulina powder, ammonium carbonate, 

sodium carbonate.
● Iterations: recipe, pellet size, moulding method, 

sintering time and temperature, etc.

Protocol	development:
● Mix MGS, water and the binder in ?:?:?	ratio
● Feed slurry into mould? Syringe extrusion?
● Dry for ?	hours	at ?°C.
● Sinter at ?°C for ?	hours.
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Results - Water intrusion & Helium pycnometry

(23 = brittle)→	Best	batch:	n°27
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Results - Water intrusion & Helium pycnometry

Skeletal	density: 2.71 ± 0.06 g.cm-3

Average	porosity: 35.48 ± 1.17%
Recipe	n°27: 4:1 MGS-1:H2O, binder, moulded, dried 
overnight then 70°C for 2h before sintering.  



Results - Thermogravimetry

Best	batch:	n°27
Sintering	parameters: 
1h ramp up (15°C.min-1) 
1h hold at
3h cooldown

↑1000°C = glassy samples
↓1000°C = brittle samples
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?1000°C1000°C

Pajares et al. (2024)
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Results - Mercury intrusion

Best	batch:	n°27
→ Average	pellet	pore	size: 15 µm (2-20 µm) 
→ Anabaena	filament	size: 6x1000 µm
→ Effect of sintering on bioleaching? → Multiwell plates

Penetration	of Anabaena in pores? → SEM?

SEM = Scanning Electron Microscopy



Results - Growth of Anabaena on sintered regolith

13 Chla = Chlorophyll alpha



Results - Growth of Anabaena on sintered regolith
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Powdered:	218.5±5.0 mg.L-1

→ Sintering	impairs	bioleaching:
• Lowers specific surface area
• Alters chemical bioavailability

Sintered:	129.5±8.8 mg.L-1

Crushed:	140.6±20.5 mg.L-1

Chla = Chlorophyll alpha



Results - Mars ISRU photobioreactors performance

15 ddH2O = double distilled water
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Conclusion - Mars ISRU bioreactors are feasible!

1. Mars	ISRU	photobioreactors:
• Bags: -	complex operations (shadowing, leakage) / + low ESM / -	low growth
• Rotary drum: ~	better operations (shadowing) / ~ medium ESM / ~	medium growth
• Packed bed: + best operations / -	high ESM (sintering) / + high growth

→ “Best”	=	ESM	trade-off… but packed	bed	is	promising.

1. Regolith	agglomeration:
• Moulded cylindrical pellets, 4:1 MGS-1:H2O, binder.
• 1h - 1000°C sintering (15°C.min-1).
• Properties: ±2.7 g.cm-3 density, 35.5% porosity.

→ Sintering	impairs	bioleaching… but packed	bed	
					performed	well→ Publication in 2026.
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Materials & Methods

1-

- Vessel operations

→	Sterilisation,	Inoculation	&	Sampling: Rotary drum ≈  Packed-bed.
PBR: samples taken via recirculation loop (biosafety cabinet).



Materials & Methods
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- Packed-bed bioreactor

→	Wire	mesh	sieve for sintered pellets support.
→	PETG sparger & sieve (>< bacterial degradation).



Materials & Methods
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- Bag bioreactor sterilisation

→	Heat	sterilisation: aluminum Luer	Lock	inlets + PP bags = autoclavable.
→	Regolith autoclaved in the bag directly.



15°	rotation

Materials & Methods

4-

- Rotary drum bioreactor

Water level

→	Swiveling: in-process “renewal” of regolith surface.

Unexposed

Exposed



Materials & Methods
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- Rotary drum bioreactor

Water level

15°	rotation

→	Swiveling: in-process “renewal” of regolith surface.



Materials & Methods
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- Rotary drum bioreactor

Water level

→	Swiveling: in-process “renewal” of regolith surface.



Materials & Methods - Bag bioreactor operations

→	Inoculation: Water + Anabaena, via the inlet, using a peristaltic pump.

→	Sampling: In the biosafety cabinet, via
the luer lock aluminium inlet.

5-



Materials & Methods
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- Rotary drum sterilisation

→	Chemical	sterilisation: 10% H2O2 + 5x ddH2O rinsing with peristaltic pump.



Materials & Methods
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- Rotary drum operations

→	Inoculation: Regolith powder and inocula via the pH probe fitting,
Water via the liquid inlet, using a peristaltic pump.

→	Sampling: In the biosafety cabinet, via 
the liquid outlet with a stopcock valve.



Results - Mars ISRU photobioreactors performance

Packed	bed:
• Productivity: 4.55±0.06 mg.L-1.d-1

• ↓ shadowing, easy regolith removal.
• High ESM (sintering, acrylic).

Rotary	Drum:
• Productivity: 1.34±0.03 mg.L-1.d-1

• ~ shadowing, hard regolith removal.
• Medium ESM (acrylic).

Bag	bioreactor:
• Productivity: 1.27±0.04 mg.L-1.d-1

• ~ shadowing, hard regolith removal.
• Low ESM, but leakages.

8-



Materials & Methods

A.

- ATMOS and Anabaena



Materials & Methods

B.

- Growth assessment



Materials & Methods

C.

- Luer Lock inlet and nut



Results - Scaling-up with bag photobioreactors

D.



Materials & Methods

E.

- Inoculation process



Materials & Methods

F.

- Bioreactor sampling



Materials & Methods

G.

- Regolith handling



Materials & Methods

H.

- Regolith subsystem



Materials & Methods

I.

- MGS-1 composition



Materials & Methods

J.

- Pellet moulding techniques



Materials & Methods

K.

- MGS-1 pellets analyses

● Helium	pycnometry	&	Water	intrusion: skeletal density & porosity
● Thermogravimetry: gas release during sintering (?°C & ?h) 
● Mercury	intrusion: pore size distribution
● Multiwell:	effect of sintering on bioleaching efficiency



Materials & Methods

L.

- Mercury intrusion formulas



Materials & Methods

M.

- Water intrusion process



Materials & Methods

N.

- Water intrusion formulas



Materials & Methods

O.

- MGS-1 pellets degradation



Materials & Methods

P.

- Multiwell experiment



Results - MGS-1 thermogravimetric profile analysis

Q.



Results - Growth of Anabaena on sintered regolith

R.



Results - Mars ISRU photobioreactors performance

S.



Results - Comparison of growth across experiments

T.



Results - Statistical analyses - Multiwell

U.



Results - Statistical analyses - Multiwell

V.



Results - Statistical analyses - Open porosity

W.



Results - Statistical analyses - Open porosity

X.


