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Food choices and consumption affect global climate and deplete resources

« Over 88 hillion land animals are raised and T & . et \ ¥ AV
slaughtered for food production every year : &S _.

* The animal agricultural industry is responsible
for >16.5% global greenhouse gas emissions
The demand for more meat is the leading cause of
deforestation

M Forests [l Urban development =~ Cropland [l Livestock grazing M Wild grassland/shrubs

3,000 BC

According to Our World in Data, the figures account for 71 percent of Earth's land surface — the other 29 percent is
desert, glaciers, rocky terrain, and other barren land.

Chart: Kenny Torrella/Vox ¢ Source: Our World in Data/Williams/HYDE/FAO l/gx
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Fiber production is increasing exponentially due to population increase AND

overconsumption
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Niinimaki, Peters, Dahlbo, Perry, Rissanen, & Gwilt (2020). The environmental price of fast fashion. 6
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Construction is the largest contributor to landfill waste and
climate change

TODAY'S CLIMATE Related

White House o
Concrete is Worse for the Climate Awmouwes « Cement industry is responsible for

Historic Agreement

Than Flying. Why Aren’t More Sk I ~ 8% of planet-warming carbon
People Talking About It? Fletestaraelon dioxide emissions— more than
Our twice-a-week dive into the most pressing news related to ‘é‘iiﬁf;if;‘ili‘::f a global carbon emissions from
our rapidly warming world. Winner at COP28 aviation
@ By Kristoffer Tigue w léi?tes,ttir';‘g :‘1: UIN 4
" June 24,2022 imate Talks Is € .
B  |f the cement industry were a
Dificyls At country, it would be the third-
Atycopzs . largest emitter of carbon dioxide
and More - in the world, after the U.S. and
Scientists Say .
Overshooting 1.5 C h INna.

MaAamvAa~nn Ta

Miller & Moore, (2020). Climate and health damages from global concrete production.
Nature Climate Change
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Next generation advanced materials
with “smart” functional properties that surpass existing
capabilities,

sense environmental cues,

ability to dynamically switch between
different material states/ adaptation

self-maintenance



cells can be considered as nanomaterial factories that
constantly sense their environment,

draw from a plethora of energy sources and form
simplistic molecular building blocks,

organize these molecules into new structurally and
functionally more complex materials, and

maintain these materials over time.
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Solution: Look to nature for inspiration about how to build the future of
materials
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" Natural Living
Macroscale Structure

Crystalline cellulose

Wood macrofibers

/ @uaj ‘
Wood cLeIIS

Ma

o

»

Trees: Ultimate inspiration for the living materials

Maintenance and Renewal

Self-organization/ assembly

Morphogenesis

Sunlight
Water
Energy/ carbon sources
Nutrients

Nguyen, P. Q., Courchesne, N. M. D., Duraj-Thatte, A., Praveschotinunt, P., & Joshi, N. S. (2018).. Advanced Materials, 30(19), 1704847.



Introduction

Living materials are composites made of living and non-living components

Living Material

Non-living

Biotic source Abiotic source
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Introduction

Bio-hybrid materials

A biologically derived component and a synthetic component.

The biological component may be purified biomolecules, such as
proteins or DNA, or living cells.

The synthetic component could be organic or inorganic polymers,
minerals, ceramics, or even metals.

14



Bio-hybrid materials (examples)

Substrate

30% RH

90% RH

Stimuli-responsive materials and nanogenerators A bacterium encapsulated in the cross-
linked FDMA fibers.

Chen, X., Mahadevan, L., Driks, A., & Sahin, O. (2014). Bacillus spores as building blocks for Liu, Y., Rafailovich, M. H., Malal, R., Cohn, D., & Chidambaram, D. (2009). Engineering of bio-hybrid
stimuli-responsive materials and nanogenerators. Nature nanotechnology, 9(2) materials by electrospinning polymer-microbe fibers. Proceedings of the National Acatemy of
Sciences, 106(34)



Introduction

Biohybrid materials v/s Living materials

Bio-hybrids

Bio-component: cell-derived or includes living cells, is
just one element of the engineered structure and does
not actively create or modulate the bulk structure of
the material (less biological system)

Living materials
the living cells act as materials factories, drawing
upon energy feedstocks from their environment to
create biopolymeric building blocks and direct the
formation of, or maintain, the desired material

Nguyen, P. Q., Courchesne, N. M. D., Duraj-Thatte, A., Praveschotinunt, P., & Joshi, N. S. (2018). Engineered
living materials: prospects and challenges for using biological systems to direct the assembly of gmart
materials. Advanced Materials, 30(19), 1704847.



Introduction

Living materials for sustainability

https://lvimeo.com/327830046
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Organisms can bio-synthesize specific metabolites and biopolymers for survival

Examples:

- Pigments

- Structural/functional polymers
(polysaccharides/ lignin/nucleic acids/ proteins)
-Metabolites

-energy components (diesel and ethanol)

O
Beta carotene, biosynthesized by algae < ’,

Fibre structural organization in cellulose film

18



Living organisms can grow and reproduce in programmable shapes

Geoderma growth in the molds to make bio-bricks
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McBee, R. M., Lucht, M., Mukhitov, N., Richardson, M., Srinivasan, T., Meng, D., ... & Wang, H. H.
(2022). Engineering living and regenerative fungal—bacterial biocomposite structures. Nature Materials
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Organisms can self-repair damage and restore functions

Bacteria embedded in the concrete produce limestone that repair cracks

20
Image Courtesy of Delft University




Cells and biopolymers can self-organize into ordered structures

Turing patterns occur in nature due to
self-organization of the cells

21



Organisms perceive the external environmental stimuli and respond

Regeneration
y 4 Post-Gelation Ability

1 ]

" Living
Bacteria

Decreasing Humidity

Structural
Integrity

Responsiveness in the living systems can help design living materials adaptable to
external stimuli (pH, temperature, humidity, damage, etc)

Heveran, Williams, Qiu, Artier, Hubler, Cook, & Srubar (2020). Biomineralization ahit successive
regeneration of engineered living building materials. Matter



Materials with living components have properties which enable the new age applications

ations

Green energy/polymers

Ul Therapeutic treatment/
construction

23
An, Wang, Huang, Wang, Liu, Xun, Zhong (2022). Engineered living materials for sustainability. Chemical Reviews



Living cells suffer limitations when on their own

—>» Oral administration

» Lack of support and direction for growth

* More susceptible to abiotic factors (pH,
temperature, salinity, humidity, etc)

 Weak mechanical strength in comparison to
synthetic counterparts

« Less stability for longer duration (low shelf-life)

Liu, Li, Wang, Ding, Lee, Hu, Biomaterials Coating for On-Demand Bacteria Delivery:
Detachment. Nano Today 2021

Selective Release, Adhesion, and

24



Living materials are composites made of living and non-living components

Living Material

Non-living

Biotic source Abiotic source
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Materials Coating for on-demand bacteria delivery &,
0

—>» Oral administration /

i
L100 protection 7
pH2~5 , pH>6.0

() Eudragit L100 polymer protects

X L100 Shedding the living cells (E.coli) against low
Stomdh & pH stomach environment
2 ’ Intestine
i '/
Adhesion

(i) Tannic acid increases the retention of
probiotics in the intestinal tract

( (i) Ethylenediaminetetraacetic
iii EDTA TAdissociation acid (EDTA) enables the on-
oo o demand removal of TA coatings

from probiotics

26



Non-living components must meet certain criteria to sustain living materials

Requirements: « Functional living ink (Flink) made by combining HA and k-carrageenan
_ o as natural viscoelastic gel components

° B|ocompat|_blllty * Ink blended with Acetobacter xylinum capable of producing medically

* Cell adhesion relevant cellulose

« Mechanical strength

« Oxygen permeability (aerobes)
* Low cost Bacteria Direct Ink Printing Hydrogel
« Easy availability

« Controlled Biodegradability
« Responsive

¢ Easy to prepare W  Hyaluronic acid
@ K-Carrageenan

i Fumed silica

Schaffner, Riihs, Coulter, Kilcher, Studart, 3D Printing of Bacteria into Functional Complex Materials. Sci. Adv. 2017, 27



In situ formation of bacterial cellulose by A. xylinum in different shapes

High viscosity= less oxygen

28



Non-living components must meet certain criteria to sustain living materials

Requirements:

Biocompatibility

Cell adhesion

Mechanical strength
Oxygen permeability

Low cost

Easy availability

Controlled Biodegradability
Responsive

Easy to prepare

Ji, Zhang, Liu, Yaghi, Yang, Cytoprotective Metal-Organic Frameworks for Anaerobic Bacteria. Proc. Natl. Acad. Sci. U.S.A. 2018

« Applied Metal organic framework (MOF) to protect the
physiological activity of strictly anaerobic bacteria, Morella
thermoaceticabacteria, in the presence of oxygen

MOF wrapping during life cycle
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Semiconductor-sensitized anaerobic bacteria (Moorella thermoacetica) with a monolayer MOF, CO, was
converted to acetate twice as long as that observed without such wrapping.

The fact the bacteria we report here were wrapped with only 1-2-nm MOF layer and the bonds at the
bacteria-MOF interface are dynamic, leads to facile reproduction and maintains protection against
oxidative stress.

It is worth noting that the excess MOF in the culture media can wrap over newly grown cell surfaces to
pass on this protection over generations of anaerobes.

C.
%A ;

Z1,0,0H)(-CO),  BTB

2r,0,(OH),(BTB),(OH),(H,0), o .
MOF monolayer MOF wrapping during bacteria life cycle
30
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The manufacturing of the living material determines which functionalities are conferred

Abiotic components
support and protect living cells

) Mushroom

Livin .
Bacillus com F? onent | + Encapsulation
A Se%[—s.tanding hybrid
 +_Mammalian iving materials
: X Abiotic

\ materials

Bacteria

_Sunlight

) /ey H,O
Abiotic Sunlight ¢
materials i CO,

Integration

Manufacturing

Non-living d Living
compone Nt Chemicals |
Abiotic components

impart novel functions to living cells
An, Wang, Huang, Wang, Liu, Xun, Zhong (2022). Engineered living materials for sustainability. Chemical Reviews



Many manufacturing techniques can be used to facilitating the
production of hybrid living materials

Dip coating 3D printing Molding
A

Dip-coating Is a * Nozzle or inkjet head  Shaping polymer gels,

method deposits (living + non- plastics, glass, and ceramics,
Living cells are immersed in living material) on substrate using
a non-living solution « Uses iIngredients
Coatings attach firmly to the such as hyaluronic acid, silk « Preferred approach for
substrate via or fibroin, gelatin, etc for mass

forces production

32
An, Wang, Huang, Wang, Liu, Xun, Zhong (2022). Engineered living materials for sustainability. Chemical Reviews
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Living building materials

33



Example: Sand mixed with CaCO3-producing bacteria form responsive, regenerating,

IIVI ng b”CkS Regeneration
Post-Gelation Ability

*

A sand-gelatin structural scaffold inoculated
with Synechococcus— a robust photosynthetic
cyanobacterium capable of MICP®

# Living
Bacteria

Decreasing Humidity

Sand + Media Physical Crosslink Post-Gelation-Desiccati
o ost-Gelation-vesiccation
* Gells @S Microbial Inoculation CaCO; Formation ® Formation I
4.: . : Structural
S Growth Precipitation Gelation Integrity
MICP": Microbially induced CaCO4 precipitation
Heveran, Williams, Qiu, Artier, Hubler, Cook, & Srubar (2020). Biomineralization and successive 34

regeneration of engineered living building materials. Matter



Preparation of living building materials (LBMs)

Abiotic media (50 mL) \ ] Synechococcus
(Minimal nutrients/ gelatin) (Photosynthetic cyanobacterium)
(High temperature)

/ \\
/ —\
/ 2\
/ \
/
/
/

Mix with sand
(for 6 hours at 37 degrees, suitable forthe cyanobacterium and gelatin is liquid)

_

Pour in a mould with the volume ~50 mL
| |

Bio-brick stored at low temperature (~4°C) %



Switches:

* The V|ab|l|ty and regeneratlve potential of Synechococcus were enabled by the use of temperature and
humidity (i.e., rehydration) switches.

* Thefirst high-temperature switch corresponded to the incubation and growth temperature (37°C),
which was sufficient to dissolve the gelatin matrix and encourage bacterial metabolic
activity and mineral precipitation.

* The low-temperature switch corresponded to the storage temperature (4°C). At this temperature, the
gelatin matrix effectively encapsulated the cyanobacteria and medium to form a solid LBM.

* during LBM regeneration, the addition of new lch uid abiotic media and higher temperatures were the
high-humidity and high-temperature switches that rekindled metabolic activity.

* Material systems that protect ureolytic microorganisms with encapsulating gels or other solid media
generally require physical damage to the encapsulant in order to trigger additional biomineralization

36



Engineered living materials enable next-generation exponential manufacturing due to
their regenerative capabilities

These materials are capable of exponential
regeneration of the living component in
response to physical switches (i.e.
humidity, temperature)

Microorganism-precipitated calcium
carbonate conferred high fracture
toughness to the Living Building Materials
(LBMs)

Post-Use
Recycling

Abiotic
Media

<«
Off-the-Shelf Sand
Additives

In-Service
Structural
Material

Living
Building
Materials

Biotic
Inoculum

Synechococcus
sp. PCC 7002

& N
NLYAS

Exponential
Manufacturing

. ﬁ &
=8
3 / e
/

Living
Building
Material

A
| S D

37



Successive regeneration is observed under physical switches

1st Gen. | 20

Exponential 24

Manufacturing

22

38



Regeneration of LBMs (exponential growth)

| . Bio-brick (volume 50 mL)

Bio-brick (volume 50 mL) | | | | | | Bio-brick (volume 50 mL) 39

A
[ i \
Abiotic media (25 mL) . i - Abiotic media (25 mL)
(Minimal nutrients/ gelatin) i (Minimal nutrients/ gelatin)
Melted ] Melted

| -

i ff"f ~ 6 hgrowth at 37 degrees

&

|



My research on mechanically superior silk plastics using calcifying bacteria

Silk cocoons Silk fibroin solution
CC)) = Silk fibroin solution
&u_g) —> i with bacteria
y j Silk fibroin with

bacteria powder

¥
1
d
' .
[ .
' ’
.
: .
.
' .
' .
1 .
.
' .
— : .
- . v
s \ [ v
[ \ N ’
| f
l | '
\ { [
N /
N, _

Lyophilization Pressed at
125°C, 630 MPa

Bacillus pasteurii

] Bacillus pasteurii
Bacteria culture P

precipitate
40



Protease based study to check bacteria release from silk and bacteria plastics

Silkw; bac Sillk Protease

Day 1 Day 7 Day 21 Day 30



Silk/ pasteurii disc

Under SEM

EHT = 10.00 kV Width = 45.26 um : 5 Sep 2024 i 4 Date: 10 Sep 2024
WD =122 mm Mag= 253KX Signal A= SE2 . 3 Signal A = InLens

£ $ o S ~ o ) 1 : M
EHT = 10.00 kV Width = 76.71 ym Date: 10 Sep 2024 EHT = 10.00 kV Width = 47.55 um Date: 10 Sep 2024 EHT = 10.00 kV Date: 10 Sep 2024
WD = 10.1T mm Mag= 1.49KX Signal A= SE2 WD =102 mm Mag= 240KX Signal A= SE2 WD = 10.6 mm Mag= 3.87KX Signal A = InLens




EDS- elemental mapping for cross-section of biocemented silk-bacteria plastic

Spectrum 1

Spectrum 3 Spectrum 4
B &

Spectrum 6

Spectrum 2

O

Spectrum:3

O

Spectrum 6




CaCO, quantification using TGA

The plastics were incubated in the bio-cementation media for different time periods

CaCO; (s) > CaO(s) + CO, (g)

1.0
. 20% |18%
=
g S
()]
-
S
(7))
Qo
c%; 50%
=
0.5-
—r—
— day 30 —— day 15 —— day 7 —— day3
! | ! | ! |
600 700 800 900

Temperature (°C)



X ray diffraction to identify CaCO; phases

The obtained peaks are indexed to calcite phase of calcium carbonate (trigonal structure)

Al Al Al Al

(104)

Intensity counts (a.u.)

2 theta (degrees)



Living materials will touch many aspects of our daily life in the future

ey
Meat & animal
product substitutes

Engineered

microbial,

Mycelium
bricks

. -
WEGP T sand
’ f;@ bricks / . e i
Structural il Foo
materials ; s coating

46
An, Wang, Huang, Wang, Liu, Xun, Zhong (2022). Engineered living materials for sustainability. Chemical Reviews



Limitations

Low growth
rates and
yield

Inferior
material
strength

Limited

longevity

Opportunity Areas

-

\_

~

Use of Artificial Intelligence (Al) and Synthetic Biology Foundry (SBF) to find
optimum conditions

J

-

~

Application of natural inorganics or artificially designed materials to render
the living materials strong

\_

Multispecies consortia systems development to increase stress resistance

47 )




There are still many hurdles for widespread adoption of living materials

What we need to work on:
* Minimizing the Biohazards of Living Materials

« Manufacturing Living Materials from Inexpensive and
Easily Accessible Resources

« Extending the Working Life of Living Materials
« Artificial Intelligence (Al)-Assisted Material Design

 Building Effective Biosynthetic Pathways in a Chassis for \
Large-Scale Production e

Al-Art by DALL-E
48



Key Learnings
Living materials are inspired by nature’s circularity
Living materials are comprised of living and non-living components

Living materials can offer the capacity for regeneration, self-repair,
biosynthesis, and responsiveness

49
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