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What‘.is Synthetic Biology?

“Synthetic biology is a field of science that involves

for useful purposes by engineering them to have new

abilities.”

-National Human Genome Research Institute

Biological systems are:

Scalable

Programmable

Precise (pure isomers)

The only route of production in some cases (protein therapeutics)
Low temperature and pressure

Regenerable



Synthetlc Blology in Space

Mission resources will need to be produced on-S|te for mission sustalnabllltylcost effectiveness

» Fuels, foods/nutrients, chemicals, plastics, binders, medicines, enzymes
« Biomanufacturing can provide compounds abiotic systems cannot
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CO,-Based. I\/Ianufacturlng from CO, to products that support sustainable
space exploration

Solar System Exploration Rapid (02 Conversion Biomanufacturing Bioproducts & Applications

Substrates

(0, »

) } H-0 I}
faergy REACTOR

(07 Recydle Nutrient Recycle

Hybrid CO,-Based Biomanufacturing Concept

Project Goal: develop and demonstrate a prototype system that enables microbial
manufacturing via abiotic CO, conversion to products that drive biomanufacturing for
future long-duration missions.
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CO, -Derived Products, Feedstocks and Organisms

CO; conversion Carbon feedstock Carbon feedstocks Biomanufacturing .
. Bioproduct classes
strategy classes produced host organisms
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- Mutrients and

| therapeutics

Methane _ l Microalgae _
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Sabatier reactor

Input: CO,

Output: CH,, H,O
Technology maturity:
Flight qualified hardware

Assembly
Scroll Compressor

Assembly

MOXIE [1]

Input: CO,

Output: O,, CO
Technology maturity: in
situ demo testing on
Mars

Proteus

H, CO,

—> H,
| " Feed

Polaris

RWGSR: Reverse water gas shift reactor
CFR: Carbon formation (Bosch) reactor
Proteus: H, extraction assembly
Polaris: CO, extraction assembly

Bosch reactor [2]
Input: CO,

Output: O,, C
Technology maturity: In
development

CO, H,0, and C,H,,
trace hydrocarbons
H, from OGA

H,, CO, H,0, C,H,,
trace hydrocarbons

Sabatier CHyand H,0

co, Assembly

H, from recycle

HyPA: Hydrogen purification assembly
PPA: Plasma pyrolysis assembly
OGA: Oxygen generation assembly

Plasma pyrolysis [2]
Input: CH,

Output: H,, C,H,, maybe C
Technology maturity: In
development

Of the existing conversion technologies Sabatier and MOXIE produce compounds that can be used as feedstock for
biomanufacturing (CH, and CO respectively, acetylene is a potential feedstock).

Image Credit: NASA ¢



CO, Conversion Methods Produce Acetate Formic Acid, Ethanol,

and potentially Sugars .

Acetate

- GDE

sjonpolid
pinbr @ seo

L
Py
02H4
>1 M

Acetate j
I

Electrosyntheszed
Sodium Acetate

MOXIE is a solid oxide electrolysis system that can be used to produce O, and CO from
CO, [1] and has now demonstrated oxygen production on Mars. Acetate production from
CO has been demonstrated at Stanford University to produce 1M acetate using gas
diffusion electrolysis [2]. Theoretically, these two systems could be connected to each

other to produce acetate for biomanufacturing.
Dr. Matthew Kanan

Stanford

University

NOTE: References in notes section below

Formic Acid

Commercially
available
reactor

* Formic acid reactor. Selectivity
(Faraday efficiency) above 95%.

NASA
CO2> Conversion

Sugars p

e S1M NASA Centennial Challenge

* Completely abiotic conversion of
CO, to sugars — glucose was main
target

* 3 Phase 2 awards distributed

* One contestant, the Air Co. also
makes ethanol, a viable substrate
tested in our system



Assumptions, Design D'rive.rs; and ConOps

» Assumes platform is |n3|de a temperature/pressure/radlatlon shielded structure.

- > Assumes 100 batch ru‘gs ~6 a /run) for purposes of trade studies and
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CO,-based Manufacturing: Acetate as carbon source and
Carbonic Anhydrase production as test case

Bioreactor, harvesting and
purification systems

Growth )
chamber " media

CO, conversion

A | ot cups | o | e Purified
CO, - Formic Acid 5

v nroduct

S Sltdnlurd + A |
CO, > CO~> Acetate

Metal )|I ze uncommon substrates
Genetic Tools

Development of expression
systems

Products

Carbonic Anhydrase

Products and
applications

Test Case:
» CO, conversion to acetate
» E. coli to produce Carbonic Anhydrase

» Carbonic Anhydrase addition to liquid
Amines CO, removal systems --

improved CO, removal in life support
systems

Image Credit: NASA ¢



Carbonlc Anhydrase as catalyst in liquid Amines CO, capture Systems

Collaboration Wlth AES LSS Liquid Amines project

Carbonic Anhydrase & Tertiary Amines for CO, Capture A. Tertiary amines
HO. o~y O
»  Tertiary amines (MDEA) absorb CO, by stabilizing CO," (bicarbonate) (A). MlleA
»  Conversion of CO, to CO; is rate limiting (A). R,NCH;+ H,0 <-> R,NH*CH, + OH-
»  Carbonic anhydrase catalyzes the hydration of CO, to bicarbonate (B). €O, + Hy0 <> HCOy + H' (rate limiting)
>  Carbonic anhydrase could improve performance of tertiary amine B. Carbonic anhydrase

CO, + H,O0 <--> HCO, + H*
systems (C). 202 3

Spontaneous: 1.51s?
Scrubbed With CA: 10%4-106s1
Flue Gas P;:e €O, 10°-107 fold rate improvement
ream
A
- ©2.1M MDEA W4.2M MDEA 25x
Heat o 40 &
Exchanger & = 20x
8 ‘E 30 ®
g3 12x
% :E- 20 @ 20x
~ o 0
2 £
S @ 10
3 g
i oo
0 0.1 0.2 0.3 0.4 .
CA Loading (g/L) Alvizo et al 2015

87 —100°C
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Commercial Biorﬁahufa'cturihg on Earth

» Industrial system for Recombinant Enzyme Production

Seed
ank
l Culture
_——— G':owih Precipitation

(initial) (fractional

Waste
Heat -— Biomass

Cold |
Exchunqer Water |

Buffer Storage

Chromatography
(Ion Exchange

or Gel) Fractional Final

Collection Centrifuge  Precipitation

Process Flow for Industrial Production of Enzymes

Source: https://www.repligen.com/application/files/2015/3961/3373/Continuous_
] J Processing_Book _Volume_1 2014.pdf

1 OL B|Oreactor and Dewatenng System Bioprocess Engineering: Basic Concepts, 3rd Edition T




How to make this work in space? Process and _Options Analysis

Sterile assembly of
s5ingle-use vessel
(May require sterile
environment to
prevent
contamination)

Media prep (Mixing
different media
compoenents, add
water, mixwell with
water)

Media
sterilization

Sterile
inoculation

Growth and monitoring
{maintain and track (?)
oxygen, temperature, pH,
cell density, foaming,
agitation)

Biomass-spent
media separafion

Cell
Iysis

Purification from
spent media

Product
desalting/buffer
exchange

Furification from
cell lysate

Product
storage

Collection of waste
streams for
reatmentreuse

Disposal of
single-uze
components

Cleaning

12



Flexible by Design. Platform Can be Conflgured for Intracellular Production
and Lysis, or for Secreted Products

Component # Component

» Different design configurations for different organisms
* E. coli- non-secreted Carbonic Anhydrase production
* Lysis and additional biomass separations
* K. phaffii — secreted products, large biomass

* Secretion — lysis step removed, single separation step
e Carbonic Anhydrase and Cutinase test products

Bioreactor Bag Wash Buffer Bag

Media Bag Elution Buffer Bag

#

2

3

4 Pinch Valve Module Protein Column
6 Pressure Sensor Collection Bag

7 Tangential Flow Filter Lysate Bag

8 Collection Bag Luer Check Valve
9 Small Peristaltic Pump Pinch Clamp

10 Lysis System Lysis Bag

41 | 42 43 44 | 45 47 148 | 49 | 410 41 412
41 42 43 44 45 46 47 | 48

ﬂ ki

T

E. coli process flow K. phaffii process flow Image Credit: NASA 13



L

M. Soundararajan et al.

b Platform preparation,
growth and production

Design 1 Design 2 Design 3

n Fj] micro gravity RN TUTE L0 I g ran

Transfer
culture to

Transfer . L] b4 centrifuge

culture
recombinant proteins Dewatering

to centrifuge
Mathangi 5'_-IJI'|-'_idldld_iﬂl'|-_ Matthew B. I-*d-'_‘i-'_i-'_-'_l-.', Michas L-F'_-Lr'=1|'i‘;'l'|.5'-_ Harry W. .l'_-l'r_-.'-, Jahin Al H-'_r'='ldl'|'-, Framoes ML I:I-'_-l'r'_l-.'-sn'-, \
Jonathan M. Galazka" and A Mark Settles 7= DESIGN 1 Cell lysis

ARTICLE
Theoretical design of a space bioprocessing system to produce

. . . s - 2 ) sl
* Equivalent system mass modeling was performed comparing R ptcsin

to purification
Lysate Lysate

design options for the biomass dewatering, cell lysis, and subsystom
product purification subsystems. - toading | | 1oacing

protein protein

DESIGN 2 capture capture

* Additional considerations such as storage condition . n @
requirements, reliability, crew interface requirements, and —
= " = Protein Protein
chemical or buffer requirements were also weighed. T e 1
P i Colleci

subsystem eluted

protein

DESIGN 3

* Analysis helped derive weighted options for application in
the platform.

Image Credit: NASA 14



* Arduino Mega 2560 r3

* CHEMcell Bioreactor Rocker System (Chemglass)

* CHEMcell CLS-1200-2HC Temperature Controller
(Chemglass)

* EZO PMP Peristaltic Pump (Atlas Scientific)

* PressureMAT Pressure Monitor (PendoTECH)

* Luer Fitting Single Use Pressure Sensors (PendoTECH)

* Valvelink8.3 Digital/Manual Controller (Automate Scientific)

e CBIO Custom Miltilyser (Claremont Bio)

e 1/8” SwitchEX Solenoid Pinch Values

* Vivaflow 200 (Satorius)

* Capturem His-Tag Purification Membrane 50 mm (Takara
Bio)

e Custom Developed Membrane Bioreactor Bag

* Custom Developed Dried Media

Image Credit: NASA 15



Results: Harvest E'ffi'ci_en'cy S.urpass‘es KP_P Threshold

* Tested and quantified harvest efficiency by measuring the % biomass/
media in the bioreactor bag as compared to after pumping through the
tangential flow filter to assess recovery of either the biomass (needed for
recovery of CA from E.coli) or the supernatant (recovery from K.phaffii).

* KPP threshold =85%, goal = 97% recovery.

18x 93%
- (supernatant) 94% - 98%

URAL RUBEER '

Initial

Culture
Supernatant

K. phaffii Dewatering Process images Tangential Flow Filter

16



Lysis. Test: Media .depehde,ht‘,' Iim.it_a'tions

Developed and verified by ClaremontBio for LB-grown E. coli
* In-house tests for acetate grown E. coli
* Did not perform well for acetate grown E. coli
* E. coli grown on acetate media has morphological features
that clogged lyser units
* Performed well for LB (non-acetate) grown E. coli
* Peptone-based media

A PR

u‘:r_-::-

Vol (mL) Cell conc. Flow rate |Processing | # of lysersin
(cfu/mL) (mL/min) | time (min) smgle pass
I — 166409 | 8 | 15 | 96 |

| Conc 1 (xconcertrate) | 200 | momos | 2 | 100 [ o |
[ Conc 1 (xconcenrate) | 200 | 8009 [+ | 50 |48 Je(@for 200mL
[ Conc 1 (o concenrate) | 200 | w0y 8 | 35 | 5% |

[Cone 2 (2o concentratel |50 | 32610 | 05 | 10 [ & |
[Conc 2 20 concentratel |50 | 3280 |1 |50 | 12
[Conc 2 20x concentrate)| 50 | 32810 |2 | 25 | 24 J<{(3)for400r somL
[Conc 2 (o concentrate) | 50 | 32610 |4 | 125 | s
[Conc 2 (2o concentrate)| 50 | 32610 | 8 | 625 | 9%

Reference: @0D=1

Claremont bio testing of multiplexed lysers to optimize lysis
efficiency for different biomass concentrations and volumes
(data table). In house optimization testing (photo).

Testing of lysis system in platform

17



Summary

« Platform performed as semi-autonomous system
demonstrating growth, harvest, dewatering, lysis, and
purification of recombinant proteins from microbial
cells.

 Demonstrated gravity-independent high-gas exchange
membrane bioreactor capable of supporting multiple
organisms (E.coli, yeasts).

« Platform demonstrated validity of the concept and
identified challenges for future investigation.

High level of purification of recombinant protein
L 1 2 3 4 5

40 kDa

1. Supernatant, 2. Effluent from His-Tag Filter, 3.
Wash Effluent, 4. Elution, 5. Post Wash Effluent 25 kDa

18



A Good Idea — and it's feasible

W S bpwn Ropid (D Comversion Biomanufacturing Bioproducts & Applications
' Substrates
N I
‘ ©: = . —
|_:) K,0 * :;'? ]l -‘ 1 '-'tI;-J-_Idl_""
foersr gt REACTOR | _

(07 Recycle Nutrient Recycle

Space Exploration supported with CO,-based Biomanufacturing
(Lunar CO, sources = humans ~1kg-CM/d, wastes: Mars = atmospheric CO, @95%)

19



s of CO, conversion products on Earth

wor — butter and milk ( 'Butter' made from ould pave the way for food with :
cientist) T

:Bom methane

i r”LeacLCenter GRC =G :
= Solicitation Year: 2023 i . (e ki
= Scope Title: Sustalnable Atmospherlc Carbon D|0X|de Extractlon and Transformatlon 3

4'4 ‘ ”Scope Descrlptlon Component and subsystem technologles are sought to demonstrate sustamable energy- eff|C|ent extraction of
carbon d|0X|de (COZ) from a deflned pIanetary or habltable atmosphere fuIIy integrated with CO, transformation into one or more

stable products such as manufacturlng feedstock polymers or readlly storable noncryogenic propellants or fuels.
, . / : 20

-


https://www.newscientist.com/article/2438345-butter-made-from-co2-could-pave-the-way-for-food-without-farming/
https://www.newscientist.com/article/2438345-butter-made-from-co2-could-pave-the-way-for-food-without-farming/

. synthetic Biology Team

*. Frances .Donovan, * Natalie Ball Hiromi Kagawa . Sdndra Vu Sadié Downing Matthew-Paddt_ka = Ami Hannon Ham|-Ray A. Mdrk Settles, Jessica Kong Philip Sweet, PhD  Candice Tahimic,
PhD Project : PhD ) - Al : 3 * PhD, dPM PhD’ By : ; PhD
. Manager, PI : L ,

Solar System Exploration Rapid (0; Conversion Biomanufacturing Bioproducts & Applications

Ay Andersen _ Oscar Roque Alyssa : _S_ean Sharif . - Kevin Sims, . “Harry Jones, FhD S R 4 oo
A Thoded ; Vlllalnueva . ; - Payload +* . ::Systems Engineer : : it
—' - R *Manager Tt '
Safety: Daniel Varnum-Lowry RNER T S e CO, based manufacturing  BioNutrients

Q/A: Leonard Hee oot e s i,
Logistics at KSC: Satro Narayan ' - -

L

Former team members and students Adltya Hlndupur Amy Gresser Aphrodlte Kostakls Asif Rahman Ava Karanjla
- Benjamin Alva Eliza Zaroff, Eric Litwiller, Jason Samson Jing Li, John Hogan, Jon GaIazka Julie Levr| Katherine

Fisher, Leonard Lee, Matthew Kanan Marllyn Murakaml Mathangl Soundararajan Mlchael Dougherty, Paul Mllazzo
',Wllllam Tyukayev | _ T e | = G :
- _ R : : : T e i Image Credit: NASA



\oQuestionse i e

FARMERS WANTED = 1 &0 i oo o e



Space Feasible Process Flow

DEWATERING

« Filtration
o Tangential flow (D-1)
o Vacuum
o Depth

« Centrifugation
o Countercurrent (D-2)
o Batch (D-3)

CELL LYSIS

+ Bead beating (L-1)
« Enzyme lysis (L-2)
« Detergent lysis
« Sonication
o Flow-through (L-3)
o Large volume (L-4)
Freeze-thaw lysis
Homogenization

PROTEIN PURIFICATION

» Affinity purification
o Affinity resin column (P-1)
o Crude lysate column (P-2)
o Batch resin purification (P-3)
o Magnetic bead purification (P-4)
o Affinity membrane (P-5)
« Dialysis

BUFFER EXCHANGE AND
DESALTING

PROTEIN EXTRACTION

BIOMASS PROCESSING

DRYING

¢ Lyophilization
« Spray drying
+ Oven drying

BIOMASS STORAGE

* Frozen storage
(wet biomass)

¢« Ambient storage
(dry biomass)

PRODUCT UTILIZATION,
CLEANING, AND
DISPOSAL

Image Credit: NASA 29



Platform Volume vs Middeck Locker

» Requirement 1.3:The System shall be implemented in a flight-like configuration that would operate in a volume
similar to an ISS middeck locker and under moon and Mars gravity.

» Subsystem volume within the platform is approximately 770 in 3. This does not include heated rocking table, light tower,
frame or any electrical harness or flexible tubing. Internal Volume of Middeck Locker is 3512 inch 3

SSP 57000 January 2018
Revision S

CAPTIVE SLEEVEBOLT
(SPS P/N NSZ021B3-4-1

LOCKER
TORQUE TOOL
GUIDES

NOTES:
1} DIMENSIONS ARE IN INCHES.

2) TOLERANCES XX :.03
XX 5,010

@ INTERNAL LOCKER DIMENSIONS,
4) FOR NON-REAR BREATHING PAYLOADS,

~. AN INTERNAL CLOSEOQUT IS USED INSIDE
e x OF LOCKER AGANST REAR PLATE.

5) LOCKER ASSY PART NO. IS SEG461T022.
A NDTES, VIEWS AND SECTIONS CONTINUED ON SUBSEQUENT SHEETS

FIGURE F.3.1.2.4-1 1SS LOCKER (PAGE 1 OF 2) o4
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