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Fall, 2024
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* logistics



Teaching Team:

David Kaplan, David.kaplan@tufts.edu

Logan Morton, logan.morton@tufts.edu

Lauren Blake, lauren.blake@tufts.edu

Sanjana Gopalakrishnan, Sanjana.gopalakrishnan@tufts.edu

Artem Arkhangelskiy, Artem.arkhangelskiy@tufts.edu
Reddhy Mahle, reddhy.mahle@tufts.edu

Monday and Wednesdays, 3:00pm-4:15pm
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Syllabus Schedule (subject to change)

Sep 4- Overview - definitions, coverage, topics, rationale, the future (David Kaplan)

Sep 9, 11 - Historical perspective (Logan Morton and Lauren Blake)

Sep 11: Assignment #1: Envisioning Sustainability Through Al-Generated Art

Sep 16, 18 - Challenges and opportunities — (Logan Morton and Lauren Blake)

Sep 18: Project checkpoint #1: Pick your groups and pick your problem

Sep 23, 25 - Old polymers with new perspectives and approaches (Logan Morton and Sanjana Gopalakrishnan)
Sep 25: Assignment #2: Exploring Emerging Polymers for Sustainable Materials

Sep 30 - Emerging concepts part 1 (Sanjana Gopalakrishnan)

Oct 2 - Sustainable materials for textiles guest lecture (Sydney Gladman)

Oct 2: Project checkpoint #2: Send one slide introduction to your project

Oct 7 - Emerging concepts part 2 (Lauren Blake)

Oct 9, 16 - Attempts with impact (Reddhy Mahle and Sanjana Gopalakrishnan)

Oct 9: Assignment #3: Creative Applications of SCOBY: Designing Sustainable Products

Oct 16: Project checkpoint #3: Written portion of the midterm presentation (1-2 Pages)

Oct 21, 23 - Case studies + midterm (Logan Morton and students)

Oct 23: Assignment #4: Surface Modification for Sustainable Materials: Enhancing Functionality and Performance
Oct 28 - Sustainable materials for food and agriculture (Lauren Blake)

Oct 30: Project checkpoint #4: Literature review(minimum 5 articles)

Nov 4, 6 - Sustainable Materials Management (Artem Arkhangelskiy)

Nov 6: Assignment #5: Materials Management and Life Cycle Analysis of Emerging Polymer

Nov 13 - Sustainable materials for healthcare (Sanjana Gopalakrishnan)

Nov 13: Project checkpoint #5: Materials management and life cycle analysis for your proposed project
Nov 18 - State of the Kaplan lab — where you can get involved in sustainable materials right here at Tufts
Nov 20, 25 - What we need, how do we get there, circular approaches (David Kaplan)

Nov 20: Assignment #6: Journal Club: Critical Review of Sustainable Materials Research

Nov 27, Dec 2, 4, 9 - final presentations (students)
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First ...the life of a tree



Trees — wood and wood products

Utility: construction materials, paper manufacturing, consumer
products, fuel, resins, fragrances .....



Trees — wood and wood products

Functions: renewable, fix carbon dioxide, replenish soil, clean the air.....




Concept: Lifecycle Considerations — sustainability....



Why Show This ?



Direct Processing

Reduced resource use

Reduced energy for manufacturing
Reduced waste

Improved sustainability









Death of a Tree

why show this?



Concept: programed utility and reuse.....

Death of a Tree

“designed to degrade’ or ‘degrade-on-demand’
Metabolomics, Kinetics, Mass balance, Short- vs. long-term



Concept: The Lorax

Sustainable Materials
-> trees as inspiration

simple building blocks - remarkable structures & functions
[cellulose, hemicellulose, lignin]

Structure

» Structural hierarchy — mechanics
porous to dense (balsa to ironwood), soft to hard...

IL(:))I
M
@ » Vascular networks, transport
21N}




Sustainable Materials
—> trees as inspiration

Functions

&
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Carbon Fixation/Sequestration, biomass production
Enzymatic Processes — protection from infections, metabolism...
Longevity — short to long (annuals to >1,000s of years)
Regenerative capacity — regrow limbs, turnover in soil

Sustainability, all aqueous, ambient — nothing wasted




Sustainable Materials
-> trees as a blueprint

The need for materials, devices,
tissues and foods that reflect natural
systems and sustainability has finally

emerged as a significant driving
force in discovery and translation for
many technological needs




Extremes & Adaptability in Sustainable Biomaterials

Tress: wood/cellulose Spider Webs:

Both:

e semi-crystalline

 H-bonding

* no chemical
crosslinking

e water is a key

Nature offers an incredible starting point for biomaterials designed for
sustainability - remarkable mechanical roles, degradability, designed to
last as long as needed




Extremes & Adaptability in Sustainable Biomaterials

Tress: wood/cellulose Spider Webs:
esimple building blocks, ~no nitrogen *20 building blocks, nitrogen rich
slongest living things on earth? sultra-lightweight material & sensor
-withstand forces of gravity, use sunlight ~ *@mazing mechanical properties
some trees need fire to reproduce *some recycled daily, others not

Both:

e semi-crystalline

e H-bonding

* no chemical

crosslinking
e wateris a key

Nature offers an incredible starting point for biomaterials designed for
sustainability - remarkable mechanical roles, degradability, designed to
last as long as needed
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Polypeptides

Ling et al

Cellulose

Sustainability

synthetic vs.
biopolymer
Silk Fibroin structures

Concept:
hierarchical
assembly —

structure/function

Chitin

., Nature Reviews Materials, 2019; Li et al., Advanced Matls., 2021
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Cellulose

Ling et al., Nature Reviews Materials, 2019

Sustainability

Some of the
most dominant
biopolymers on

earth

no glues

no covalent
bonds

no chemical
crosslinkers

- Li et al., Advanced Matls., 2021



Processing - thermoplastic molding of biopolymers vs. synthetics

Synthetic
polymers

Biopolymers:
chitin,
cellulose, silk

Li et al., Advanced Materials 2021



Sustainability
linear lifecycle of synthetic polymers vs. circular lifecycle of biopolymers

Linear —
organic materials  extraction synthetic polymer  product on-renewable
fossil fuels N b
(millions of years and plastic waste accumulation
ago) in landfill and oceans
Circular —

silk protein

Li et al., Advanced Matls, 2021



- Definitions






Sustainable Materials

items produced and used by humans
in an environmentally-responsible
way, and without depleting non-
renewable resources in order to
maintain natural resource systems’ in
established steady-state balance.

Sustainable materials are sourced
from low environmental impact or
renewable resources, have a longer
lifecycle and smaller environmental
footprint to manufacture or use, or
be easier to break down at end of life.

Confluence of sourcing, utility, environment, society, economic, lifecycle considerations



What Makes a Material Sustainable?

Sustainability - using resources responsibly and efficiently to preserve their
availability = sourced sustainably, use less energy in production, last longer with
minimal upkeep, easy to repair and/or recycle when needed, have low embodied
energy (energy required to produce them), and have minimal negative
environmental impact



Selecting Sustainable Materials

Making the 'right' material choice is no longer based
purely on structural efficiency but a balance across a
number of different factors, including:

e Efficient design

e Fitness for purpose

 Environmental impact/ recycled content
e Local context

e Responsible sourcing

e Fabrication process

 End of life/deconstruction



What are green materials?

green materials - based on how they intrinsically affect the
environment. Naturally occurring materials (such as wood),
ceramics, glass and composite materials are common examples
of green materials.

Green materials include:

* High recycled content and/or high recyclability

 Made from rapidly renewable sources

« Very low emissions that contribute to global warming and
ozone depletion

« Minimal to zero pollution to the environment

The requirements for green materials are relatively easy to
comply with compared with sustainable materials



Green

Hinged on only one pillar: environment

Concerned with individual parts and
their constitution alone, including their
recyclability, toxicity, etc.

Does not inherently curb the rate of
production as long as the materials used
are “green”

Has an approach of small incremental
reform to individual human habits to limit
human impact on the environment

Positive change is effected by
addressing individual products and
manufacturing practices on a relatively
small scale.

Sustainable

Hinged on three pillars: environment,
economy and social equity

Considers the relationship between
individual parts and the entire system as
a whole, including upcycling, recycling,
production processes, the constitution of
the product, etc.

Questions human need for new products

Has an approach of a complete
overhaul of the status quo to design and
implement a self-sustainable system

Demands positive change on a larger
scale, usually by policy changes from
the government at a city level, at least,
for it to be effective



where do sustainable materials fit ?



- Overview of materials, examples



Options for replacing petrochemicals as raw materials in the manufacture of polymers
Sustainable polymers from renewable resources



https://www.nature.com/articles/nature21001

Upcycling carbon dioxide into sustainable polymers of high value

carbon dioxide copolymerized with propylene oxide to generate propylene carbonate
polyols

Carbon dioxide and epoxides can be copolymerized to deliver aliphatic polycarbonates.
Polycarbonate polyols of low molecular weight suitable to prepare foams,

coatings and adhesives, whereas high-molecular-weight polycarbonates may be used as
rigid plastics or elastomers.



Sustainable polymers produced from terpenes and terpenoids

Terpenes such as pinene and menthol are extracted from plants such as pine or mint -
transformed into polymer resins or elastomers




Sustainable polymers produced from vegetable oils

Plants such as soybean, sunflower, castor oil or palm tree are good sources of triglycerides
- triglycerides transformed to polymers such as polyesters or nylons and are subsequently
applied as elastomers or resins



Sustainable polymers produced from polysaccharides

Plants such as sugar cane and maize are good sources of sucrose or starch, transformed to monomers, including
lactide, succinic acid, 2,5-furandicarboxylic acid (FDCA) - monomers polymerized to polylactide (PLA), poly(butylene
succinate), poly(ethylene furanoate) (PEF). Poly(hydroxyalkanoate) (PHA) produced directly from glucose by
biosynthesis. Cellulose fibers to reinforce composites for hydrogels or flexible substrates for electronics.



Schematic - growing mycelium blocks from agricultural waste substrates



Fungal (mycelium) furniture & architecture



applications of lignins



cellulose fibrils -
hierarchical structure
(high aspect ratio CNFs,
colloidally stable CNCs)



Bacterial cellulose fibrils

agueous gel of nanocellulose
98 wt.-% water, scanning
electron microscopy (SEM)
image — morphology

Bacterial cellulose pellicle 99
wt.-%, SEM showing the
morphology




































- Context — why now?






Why the Urgency?

*Global natural resource consumption is forecast to rise 60%
by 2060, compared with 2020 levels (United Nations)

°Increasing demand for resources due to urbanization,
industrialization and a growing population, leading to severe
consequences such as biodiversity loss, water stress, climate
change and air pollution

*Disrupted supply chains for critical goods and resources
among the top risks identified in the World Economic
Forum’s Global Risks Report 2024



micro- and nano-plastics in marine environments

physical & chemical impact on wildlife: chemical carriers, nondegradable, accumulation.....



micro- and nano-plastics in marine environments

physical & chemical impact on wildlife: chemical carriers, nondegradable, accumulation.....



Its Not Just the Plastic !

Examples of common contaminants?



Micro- and Nano-Plastics — associated chemicals

chemical complexity of fifty plastic (36) and elastomer/rubber (14) methanol extracts from
consumer products, toxicity in bacteria and marine microalgae

Chemical features in products determined by GC-MS ranged from 39 to 2456

Only 26 % of chemical features across all products could be identified

Chemical complexity and abundance correlated with toxicity to marine species

Elastomer product chemicals were generally more toxic than thermoplastic products

Most complex sample (car tire rubber) contained 2456 chemicals, least (disposable water bottle) 39
differences in toxicity between plastic and elastomer extracts: 86—93 % of the 14 elastomer
extracts and 33-36% of other polymer extracts were more toxic than the median.

Journal of Hazardous Materials Volume 458, 15 September 2023, 131810
https://doi.org/10.1016/j.jhazmat.2023.131810



https://www.sciencedirect.com/journal/journal-of-hazardous-materials
https://www.sciencedirect.com/journal/journal-of-hazardous-materials/vol/458/suppl/C

Solution - Plastics that Degrade ?
Thermoplastic Starch Enhances Poly(lactic acid) Biodegradation in Compost

Poly(lactic acid) (PLA)- sustainable, bio-based, and industrially compostable polymer, recalcitrant abiotic
degradation phase. Thermoplastic starch (TPS) and PLA reactively blended by adding a chemical modifier
and peroxide radicals to obtain PLA-g-TPS blend by twin screw extrusion and later processed into films.

Mayekar et al., ACS Sustainable Chem. Eng. 2023, 11, 26, 9729-9737

https://doi.org/10.1021/acssuschemeng.3c01676


https://doi.org/10.1021/acssuschemeng.3c01676

Sustainable Materials - Foods

A few facts to set the stage....

We will have to feed ~2 billion more
people by 2050:
This will require 2

70% more food

30% more water

50% more energy

Our current agriculture system is not
equipped to meet these demands

USDA

e



A few more facts to
set the stage....

In the United States, the number of farms peaked in 1935 at 7 million
- in 2022 we have 2 million (~71% loss)
- Since 1980, 440,000 farms lost, >141 million acres of farmland lost

Today: 87% of farmers rely on non-farm sources of income to feed their
families [50% of these farmers are in the red] .y



The Growing Demand for Meat:

e Applicable worldwide

* Increasing economic
status = increase in meat
consumption

e Consumer campaigns have

failed to reduce this
growth

— focus on proteins in foods - meats




A model of inefficiency:

resources
required to
produce a
guarter-
pound of
beef

Capper, J. Animal Science, 2011



Tufts University Center for Cellular Agriculture
USDA - National Institute for Cellular Agriculture

Future Foods — Cellular Agriculture
[growing food without the use of animals]

Cellular Agriculture = tissue engineering food
or pharming without animals

Kaplan Lab: david.kaplan@tufts.edu -




Why Do We Need Alternative Foods?

Population Sustainability -
growth - ~10 environmental
billion people resources, land &

by 2050 water use, green

house gases....

Food safety,

security Animal welfare
' ’ — quality, health
DUbIgIrCo\r/]v?nag;th B and safety
concern

Food equity — nutritional, scalable systems,
fm:ﬁ local resources, distributed or central networks



Future Foods - Cellular Agriculture

Integrated plants, alternative proteins & cellular production - process

Downstream

w
Unstructured meat

Upstream

7
Food animals Cells

Additives

Scaffolds

@Y ) Y

alternative proteins (acellular - microbially produced products)
plant-derived materials (acellular - plant products)
cellular agriculture - tissue engineering (cells as key ingredients)

m Sustainable Materials - Foods



- Trends: historical context: past — present- future



Resource utilization — material sources per last ~50+ years




Emissions — per last 50+ years




- What can you do to make an impact ?



take our class ©
get involved
learn and educate
buy/use what you believe in
help in the research
etc.

Kaflan Lab



Fibrous Proteins in Nature - tough materials & building blocks

Resilin Elastin
sElastomer *Elastomer
*Energy storage Inverse temperature transition,
*Tyrosine cross-links, controllable controllable (temp, pH, etc.)
[GGRPSDSYGAPGGGN]n [VPVGP],
O
\(\r\IfN _o>\-N
—(—GIyGIyArg Pro” fL fL N\)L Ln’? H o) NH HN
Gly-Gly-Gly- Asp 0
Qin et al., Nature Comm., 2012 Hu et al., Biomaterials, 2011
Silks Collagens (y‘
Structural hierarchy ({

*Tough material
*Physical cross-links

[GAGAGS],

O P! h O *H Q
aReasaate. T

An et al., Biomaterials, 2012

«Cell signaling
*Thermal transitions
[GPX],

Omenetto and Kaplan, Science, 2010



Stabilization & Recovery of Bioactive Molecules in Silk
Silk coatings for preservation

no coating coating

one week at room temperature

Marelli et al., Scientific Reports, 2016



Stabilization & Recovery of Bioactive Molecules in Silk
Silk coatings for preservation

1% silk

Storage: 22°C, 38% RH
Crystal violet staining

Scale bars =2 mm



Stabilization & Recovery of Bioactive Molecules in Silk
Silk coatings for preservation

as received

control 5 silk coated




https: / /www.mori.com/



Printing Underwater — functionalized architectures

Living cell-enabled functional architectures (photosynthesis):

Algae/silk gel — before light Algae/silk gel — after light exposure
exposure
Oxygen

/ bubbles

Oxygen production stable for >3 months

S 30 [0,] before medium s [O,] after medium
"3 change change
]
£ 20
o
: 2 t:m:i R
c = 10
&
Functionality >
o 0

Day 1 Day 30 Day 60 Day 90




Thermoplastic molding of silk protein composite plastic
toothbrush handles with on-demand degradability

Shelf stable

on-demand
degradation:
sequestered
enzyme

20% cellulose 50% cellulose 10% HAP 20% HAP 10% chitosan

Composites made from one-step solid mixing of silk cocoons. Examples include with
(A) 20% cellulose, (B) 50% cellulose, (C), 10% HAP, (D), 20% HAP, and (E) 10% chitosan.



- What is the future if we are successful or not?



Exposure of U.S. adults to microplastics from commonly-consumed
proteins

e microplastic contamination 245 um in 16 U.S. protein products

* highly-processed products contained the most microplastics per gram

* microplastic contamination did not differ between brands or store types

* mean U.S. adult exposure >11,000 microplastics/year, maximum ~3.8 million

Milne et al., Environmental Pollution, Volume 343, 15 February 2024, 123233
https://doi.org/10.1016/j.envpol.2023.123233



https://www.sciencedirect.com/journal/environmental-pollution
https://www.sciencedirect.com/journal/environmental-pollution/vol/343/suppl/C
https://doi.org/10.1016/j.envpol.2023.123233













Emerging solutions

Biopolymer design and
synthesis to improve
sustainability



Solutions ?



Thank you !
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What are sustainable materials?

As per the Environmental Protection Agency
- sustainability “creates and maintains the
conditions under which humans and nature
can exist in productive harmony, that permit
fulfilling the social, economic and other
requirements of present and future
generations.”

sustainability concerns the environment, as
well as factoring in impact on social and
economic conditions into the future

Sustainable materials are produced from
raw materials that are renewable and
sourced in a manner that does not
negatively impact the environment or
decrease its supply permanently. This often
entails replacing what has been used at a
rate equal to or higher than its consumption
so that future generations will have
sufficient access to the resources.




Characteristics of Sustainable Materials

RENEWABLE
products should be made from renewable sources such as plant-based fibers
or recyclable products like plastic bottles or aluminum cans

NON-TOXIC
products should be non-toxic and contain no hazardous substances

DURABLE
should be durable enough to stand up to wear and tear without needing
frequent repairs or replacements

MINIMAL MAINTENANCE
require little maintenance over their lifetime



Fungal Mycelia for Construction and Device Design — sustainable source



Fungal Mycelia for Construction and Device Designh — growth substrates

substrates growth growth growth
length period rate
(cm) (days) (cm/day)
PDA 9 8 1.125+0.1
cellulose
wheat bran 9 6 1.5+0.2
sawdust 9 12 0.66 + 0.1
sugarcane 9 6 1.5%+0.2
mix 9 12 0.75+0.2

Growth Rate of Mycelium on Different Waste
Substrates

Growth of P. ostreatus mushroom mycelium on various substrates such as
polydopamine (PDA) cellulose, wheat bran, sawdust, sugarcane, and their mix
(mixture of wheat bran, sugarcane, and sawdust in equal proportions)



mycelium blocks from agricultural waste substrates

water
absorption

compressive
strength

(A) top view of bioblocks: (left) bioblocks taken
out of mold just after inoculation in different
substrates (e.g., sawdust, sugarcane, and their
mix); (middle) before baking; (right) after baking



bioplastics (BPs)
production

including synthetic
polymers with novel
composition from biomass
feedstocks


















Other Sustainable Materials

Metal Alloys Stone Chips, Dust

Crete Composites
Recycled Fabric, Plastic, E-Waste




Challenge — expanded set of modeling tools to
empower biopolymer discovery

Needs: high MW polymer systems
dense biopolymer matrices
other components (plasticizers, metals, second polymers...)
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