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dHESS |\ Future space food systems
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VARIETY & 1- Plants & vegetables
NUTRITION - Different species have been tested so far (VEGGIE and
APH platform)
- Potential for water filtering and CO2/02 recycling
RELIABILITY & SAFETY
STABILITY
@ ~‘~' 2- Microalgae and (ciano)bacteria
@ USABILITY ] - Rapid biomass production and harvest index
~\ - High protein content
MINIMIZATION .!, PALATABILITY - Potential for water filtering and CO2/02 recycling
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INTEGRATION & 3- Cellular agriculture & cultivated meat
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4SS |\ cellular agriculture & cultivated meat

Cellular agriculture describes the process of using cells to produce commodities (meat, leather, milk)

Cultured meat describes the process of growing animal tissues (i.e. muscle, fat) using animal cells:

Core principles derived from tissue engineering and regenerative medicine

It emerged as an alternative to conventional (and unsustainable) livestock farming

Deemed to be safer, as there is total control of the production processes, reducing the
likelihood of contamination and foodborne illnesses

Requires less land, energy and water when compared to livestock farming

Source: New Harvest



4HERS |\ cellular agriculture & cultivated meat

Cellular agriculture describes the process of using cells to produce commodities (meat, leather, milk)

Winston Churchill NASA-sponsored project to cultivate
mentions CM 1t patent on CM goldfish and turkey cells
1932 1999 2001

- ,.;g =Y . .

@ . B 2022 2020 2013
U 24 experiment Singapore approves a CM Production and tasting of the 15t
onboard ISS chicken product lab-grown burger

Source: New Harvest



gﬂh\ Several cultivated meat products are in development
e

Sources: Aleph Farms, Meatable, Wildtype, Blue Nalu, Future Meat Technologies, Steakholder Foods



\| (MBS | Cultivated meat
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Space & habitat environment:
1) Altered gravity
2) Deep space radiation
3) Volume constrains

System:
1) Automation
2) Reliability & stability

Bioprocess:

1) Resource minimization
2) Waste management and
recycling
3) Nutritional profile and
palatability



dhS || Sources and cell types
e

Parameter Mammalian & avian cells Fish & crustacean cells Water species m|ght be more convenient as they are more

Temperature (°C) 37 10-30 resistant to variation in environment conditions and can be
Oxygen (pO,) 1-5% or 21% <1-21% cultured at lower temperatures
Carbon dioxide (CO,) 5% 5%
24 7.4, possibly resisting higher
’ variations
] Cell type
B Muscle-resident cells/progenitor cells Pluripotent stem cells
. Satellite cells ) )
) ) ) ) . Induced pluripotent stem cells (iPSCs)
. Fibro-adipogenic progenitor cells )
. Embryonic stem cells (ESCs)
. Mesenchymal stem cells
. Difficult to (re)program cells
L . . . . Might require genetic engineering
. Limited proliferation capacity .
strategies
. Long doubling times (>30h
& = ( ) . Ethical concerns (ESCs)
. Can be difficult to obtain
. Easy to isolate . “Unlimited” proliferation capacity
. Differentiation protocols are faster ~ ® Can differentiate into multiple tissues

and easier o Short doubling times (<24h)




Bioreactors

Characteristic

Media in Impeller

<
( ) Media out Media out STR PBB HFB
1 1 Cell  Fiber
Max cell densit
@ u 1x105- 1x107 1x106 — 1x107 1x107- 1x108
(cells/ml)
B o tion i Possible, but mixing of media Suitable, since cells are Suitable, since cells are
- eration in
3 & p ) and cells will need to be attached to a substrate and attached to a substrate and
microgravity . . .
T optimized media is perfused media is perfused
Media in
; P @ Media in
 —
Media out Yes, but further development Yes, but further development
Stirred tank Packed-bed Hollow-fiber Reusability Yes needed (edible microcarriers or needed (edible fibers or

e Shear stress on cells
* Control aggregate
formation/size
* Not suitable for
differentiation stage

Major limitations

efficient dissociation methods)

e Scalability
*  Mass transfer
e Cell harvesting
*  Reusability

efficient dissociation methods)

e Cell harvesting
¢ Reusability




(@bl | The Mars example

DS

1200 days 4 CM (4x82 kg) 59.04 g protein/CM/day




(HES | The Mars example
e

7N 7\ /N P kg media per kg
—~ I -
&I m m m m Low- eff|c|ency

1200 days 4 CM (4x82 kg) 59.04 g protein/CM/day 23

High-efficiency 6

Roughly 1300 kg of cultivated meat over a period of 1200 days
60-

> 97% of media is water
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B Mid-efficiency (M)
M High-eficiency (H)
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@HESS | The Mars example - Recycling will be crucial
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1200 days 4 CM (4x82 kg) 59.04 g protein/CM/day 23
6

cultivated meat

Low- eff|C|ency

80- > 97% of media is water
M Low-efficiency (L)

M Mid-efficiency (M)
M High-eficiency (H)

53.0

401

=

= 40-

=

=] N

0 1

s &

bl

3

Q' e . o . . . . .
£E207@ = > 2 Possibility for integration with water reclamation systems with

10.1

recovering efficiencies >75%
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% Water recycling




Bacteria and microalgae can metabolize ammonia
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Certain mammalian cell types convert lactate into glucose
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b | The Mars example — bioreactor sizing

Mediain  Impeller

f ) , Media cut MR w oo Assuming a batch production cycle of 4 weeks:
1 BN 34 kg meat = 1x10%3 cells
| (@%@ !
"i‘g@;i

__________

Media in

Media in

Media out

Stirred tank Packed-bed Hollow-fiber

-l swm | peR__| ___HB___| Units |

Max cell density bioreactor 1x107 1x107 1x108 cells/ml
034 034 0034 (0.068)  m’

*in HFBs fibers account for 50% of the total volume

Bioreactors that achieve higher cell densities will likely be preferred due to volume and mass limitations




@bES | Other considerations
ot

Scaffolding

(edible or reusable)

@ Sensing and monitoring capabilities

(biochemical, chemical and physical parameters)

w Sterilization methods
(heat, radiation or chemical methods)

W Post-processing
, (Product formulation, storage, cooking)




\| (MBS | Microgravity leads to muscle loss
&5 '

1 Physiol S88.18 (2010) pp 3567-3592 3567
Clinorotation prevents differentiation of rat myoblastic L6 cells in Reduced myogenin and myosin heavy chain
Prolongeq space flight-induced alteratio_ns in the structure association with reduced NF-xB signaling production in simulated microgravity
and function of human skeletal muscle fibres Katsuya Hirasaka®, Takeshi Nikawa™®, Louis Yuge®, Ibuki Ishihara®, Akira Higashibata®,
Noriaki Ishioka®, Atsuko Okubo®, Takashi Miyashita®, Naoto Suzue”, Takayuki Ogawa®,
R. H. Fitts', S, W, Trappe?, D. L. Costill?, P. M. Gallagher?, A. C. Creer?, P. A. Colloton', J. R. Peters', Motoko Oarada®, Kyoichi Kishi* —
1. G. Romatowski', 1. L Bain’ and D. A Riley? o " MHC I |
Myogenin I — — - I

Space travel directly induces skeletal muscle atrophy

HERMAN VANDENBURGH,*'! JOSEPH CHROM[AK.* JANET SHANSKY.*
MICHAEL DEL TATTO,* AND E LEMAIRE’ " ]
Mo Time after: 0 3 7 3 7 (day

B-Actin | — ——————l

#*Department of Pathology, Brown University School of Medicine and The Miriam Hospital, i
Providence, Rhode Island 02006, USA; and "Department of Molecular l‘lmlmamlnm rotation <
Physiology. and Biotechnology, Brown University, Providence, R 02912, USA Control Rotation

npj [Microgra e nature.cominpjmgrav

Comected: Author correcton Lower expression of myogenic markers and

ARTICLE ) o reduced myotubule thickness

Simulated microgravity attenuates myogenic differentiation

via epigenetic regulations

Takuma Furukawa', Kelji Tanimoto®, Takahiro Fukazawa’, Takeshi Imura’, Yumi Kawahara® and Louls Yuge'* C 751

u1G #107G

Countermeasure strategies are likely necessary for stimulating
cells into forming muscle tissue

~
&

myotube thickness é
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@b | Future work
—

1) Studies on how cultured meat cells behave in space environment conditions
Altered gravity

Radiation
and radiation

Potential countermeasure strategies to eliminate the effects of microgravity

2) Filtering and recycling strategies

Filtering of wastewater, lactate and ammonia

Possibility for integration with other life support systems




S | Take home message
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1) The current space food system is not suitable for future long-term & long-distance exploration missions
2) Cultured meat has the potential to deliver highly nutritious and fresh food products
3) Limitations include launch volume and mass, recycling strategies, and cell behaviour in microgravity
1) Bioreactors that achieve higher cell densities will likely be preferred due to volume and mass limitations
2) Recycling strategies (namely water) will be crucial for making cultured meat a viable food source in future human
spaceflight
3) Integration with existing life support systems will render the cultured meat systems viable for space exploration
Development and implementation of cultured meat systems for space will improve
/ \' ground systems, and potentially contribute for a more secure and safe global food
system.

@ _&9
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What is cultured
meat?

ESA’s presentation @ CMS
Astro

Life cycle analysis of
cultured meat

meat

THANK YOU.

Jodo Garcia
joaopedro.marquesgarcia@esa.int

www.melissafoundation.org

Follow us on social networks
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https://www.youtube.com/watch?v=etahcKDU5Gk&list=PL1RKIcEfNkHO1it97e3ZGK7WDKaaoClYY&index=7&t=561s
https://www.youtube.com/watch?v=u468xY1T8fw
https://gfi.org/resource/cultivated-meat-lca-and-tea-policy-recommendations/
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