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Bio-based Raw Materials as Alternative Feedstock

BIO-BASED

* Using petroleum-based feedstock to
B10-BASED develop biodegradable polymers

NON-BIODECRADABLE

Conventional

Plastic #1-6 * Using bio-based feedstock to develop

Bio-PET

Bio-PE conventional polymers

Bio-#1-6s

Using bio-based feedstock to develop
biodegradable synthetic polymers

PETROLEUM-BASED
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NON-BIODEGRADABLE

Conventional
Plastic #1-6

PET * Using bio-based feedstock to extract
HPPE biopolymers

PETROLEUM-BASED



https://www.biocycle.net/demystifying-biopolymers-and-compostable-packaging/

Biodegradability of Biosynthetic Polymers

* Environmental factors such as
aerobic vs. anerobic degradation
should be considered

* Bio-based feedstock is not
always the answer — PCL is more
easily degradable than PLA

* Polymer molecular weights
(grades) additives, copolymers
play a big role



https://www.biocycle.net/demystifying-biopolymers-and-compostable-packaging/

Type of Modifications

Physical: Altering the secondary and tertiary
structure without altering the primary

structure
Heat, pressure, solvents, pH changes, humidity etc.

Chemical: Introducing new chemical

functionalities into the primary structure
Crosslinking, grafting

Composites/Additives: Mixing one or more

reagents with biopolymers to alter properties
Using other biopolymers or plasticizers to alter
functionality

Fabrication Techniques: Affects material
formats and macro-structure

I(n (1,i) aqueous buffer |(1,ii) organic solvents |(Liii) acids  [(1,iv) ionic liquids
Preparation of protein i ,gems'm r i N/& 2‘.}{3 §
solutions 2. dialysis against |26 CFs PG S| N O DMBIM’ CI
buffer system HFIP HFA bl X! C1, Br, |, BF 4
(1) (ILi) additives - blends - composites
plasticizer:

synthetic polymers: pommmmL poly(ethylene glycol)...
proteins:

controlling material inorganic materials:  gokd nanoparticles, biominerals
properties (ILii) chemical modification
 COOH cood  covalent coupling of molecules (e.g.
N/ — peptides) or nanoparticles (e.g.
i 2 Au-NPs)
(111) (L) (I11L,iii) E
electrospraying
processing methods (111,vi)
spin coating dip coating
(IVii) covalent immobilization of molecules
(1V) ) [ o RoDmotts,enaymes. oo
chemical modification nanoparticles (e.g. Au-NPs)
av.i -alcohols - high pressure
post-treatment g\ whelical 8 | g f-sheet - humidity - mechanical stretching
to adjust properties | T redomcod “ enriched - temperature




Outline for Today

Bioplastics
* Solving the PLA problem — enzyme encapsulation
* Flax-based elastomers
* Silk-based thermoplastics

Films and Coatings
* Food packaging materials
* Hydrophobic coatings- Alternatives to Teflon
* Biopolymer-based filtration

Bio-based Materials

Additives

 Adhesives
* Silicone Elastomer Alternatives



The PLA Problem: Not Actually Compostable

Biodegradation (%)
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* PLA does not biodegrade in soil
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* Thermal stability (TGA) of PLA after 1 month of composting has minimal change

* Degradation requires specific temperatures (55-75 °C) and anerobic conditions
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Solving the PLA Problem

* Integration of Enzymes: Formulating PLA plastics with embedded enzymes for
improved biodegradation

* Biopolymer Composites: Compositing with a biopolymer to enhance breakdown
during composting



Enzyme additive into Bio-synthetic Plastics

Length Macroscopic Crystalline structure Polymer chain Small molecule
scale >

a Surface erosion
* Enzymes are confined within the bio- 4 m e‘i@a Random chain
")

synthetic plastic prior to fabrication ’

b Confined enzyme /
* Enzyme is surrounded by a protectant @
matrix that preserves activity throughout : & procese
< \ W epolymerization
plastic processing including in organic %
solvent Time ‘33%2‘;722' “ndng._tumover __

scale

ki, k.
[substrate] [enzyme]

Kot + K
i PI’OteCta nt'enzyme interaCtlonS faCIlItate 0 :x & Rate_ neq = Ki, [Substrate] [enzyme]
processive depolymerization

Enzyme active site Enzyme—protectant interactions Substrate conformation

¢ dog =5

DelRe, C. et al Nature 2021






CARBIOS: Enzyme-loaded PLA Single-use Plastics

5% Carbios active enzyme encapsulated in
PLA films for degradation testing

* Disintegration in 2-6 weeks. Total
biodegradation in 120 days (microplastics)

* No toxicity observed

Source: : ioli i i 12


https://www.carbiolice.com/en/carbiosactive/

What are some challenges with
using Enzymes?



Cellulose Reinforced PLA for Improved
Compostability

* Flax fibers improved strength and Sarden componing

4 months

biodegradation in soil

Mechanical properties
and interface assesment

* PLA imparts flexibility and transparency | raxpianon

woven
composite

b)

a)

100
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s % 1
e \ 125 days
~ 40 -
" 1 13 .
[ 1 Monitoring of cell wall
= 0] / degradation by AFM
.‘/
0 . v v v
0.0 0.5 1.0 15 20

Meleli, A. et al. Polymers 2021
Strain [%)]
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Additives

Physical

Compostable Phone Case

The Pela Story:
Flax-based
Elastomers+PLA

* Biodegradable phone cases
and sunglasses

e Made with 45% flax-based
elastomer Flaxstic®

= 410 PM

: @ oMD

RAW MATERIAL
ACQUISITION

MANUFACTURING
PROCESSING &
FORMULATION

DISTRIBUTION &
TRANSPORTATION

MATERIALS
« Bioplastic elastomer and flax
straw materials - flax fiber, flax
shive
Packaging includes cardboard
Distribution involves plastic

MATERIALS
The bioplastic elastomer is
melted in an extruder at
approximately 300° F.

MATERIALS
Bioresin is packaged in a plastic-
lined 250 pound fiber drum and
shipped to company
Individual cases are distributed
in cardboard packaging

0 0000000 SOSOONOSOPOSPOSTSTPOSDS MATERIALS
USE, REUSE & \J) s

+ The product is reused in soil
when composted

MAINTENANCE

RECYCLING

WASTE
MANAGEMENT

exASe )
=

MATERIALS
The material is not recycled as it
degrades and needs to be
composted

MATERIALS

The product is compostable
when properly disposed

MBODIED EN
Uses 50% less non-renewable energy
than plastic
Growing flax consumes a considerable
amount of diesel (approx. 4 M galin 2014)
Machines are used to till, sow, water,
harvest, bale flax straw

EMBODIED ENERGY

Heating the bioplastic elastomer
consumes energy
Injection mold facility & engraving facility
operate on electricity

EMBODIED ENERGY
Trucks transport flax straw from the field to
factory/manufacturer (Pela)
Amazon transportation i.e trucks,
warehouses
Pela ships directly to consumers worldwide
EMBODIED ENERGY
Reusing involves shipping the case to Pela
Pela then must ship the functioning case to
a new customer

EMBODIED ENERGY
No energy required to compost the case
Energy is required to recycle the packaging

EMBODIED ENERGY
Cases returned to Pela require shipping
energy
Pela claims that the case can be composted
in a backyard, no energy required

peola

Life Cycle Analysis

« Zero waste- uses waste
byproduct as a raw material
« CO2 emissions during
transportation of materials to
production factory

WASTE & EMISSIONS

GHG emissions electrically
powered machinery

WASTE & EMISSIONS
Cardboard packaging used for
shipping
CO2 emissions from shipping

WASTE & EMISSIONS
Can be composted and reused as
nutrient rich soil
No emissions during use

.

WASTE & EMISSIONS

Cardboard packaging should be
recycled

Broken/old Pela cases can be
recycled into a new case

WASTE & EMISSIONS

Zero waste- Can be composted or
returned to Pela for recycling when
broken

Methane and other GHG emissions
during composting

.

COMPOSTABLE PHONE
CASE LIFE CYCLE

a
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] Malia Helms
a Maria Vargas
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Zhanna Kravtsova




PHASs: The Hero We Need?

Intracellular PHA Not the hero we deserved,

granules

(Carbonosomes) but the.hero we needed.

Prokaryotic cell

R

I
\|}0’/l\[CH§}1\

n

Polyhydroxyalkanoate
structure

Mahato, R. P. et al. Archives of Microbiology, 2023

* PHAs or Polyhydroxyalkanoates are naturally produced in some bacteria and archaea species
* Naturally-occurring biodegradable polyesters



PHASs are Produced via Biofermentation

Schematic Representation of Polyhydroxyalkanoates « Microbes are isolated and

(PHA) Production screened for identifying PHA

2 Screening of PHA 3 Shake flask 4 Optimization of P roducin g strains

1
Bacterial isolation producing bacteria fermentation growth conditions

77, e v X * Microbes may be fermented on

. *, —> Te—— /| —> ;T
N ee%’/ small or large scales

* PHA must be extracted and

B e 6 Edrecionand 7, EdractedPHA (8 PHA products purified prior to use

“a! -y — s * PHA s used for application
é ) | ] ranging from tissue engineering to
— s = | consumables

Mahato, R. P. et al. Archives of Microbiology, 2023



Cost and Efficiency must be Optimzied for Large-

Scale Production
| * Optimize-
* Biofermemtation conditions

<§§‘ ﬂ [W‘P

it
’oooo/o (/; @Qe
O)G}én . &Q D o U
‘|7 Whatis the blggest challenge with PHAs? s
Incubation Perio_
0ot 5% o
o 5 Q"’o Carbon source
% ﬁg g %
S = /g\

Mahato, R. P. etal. Archives of Microbiology, 2023



Renewable Carbon Sources Bring Down Costs

Lignocellulose: Plant Oil Waste: Cheese Whey:
« Agriculture waste « Byproduct of cold-pressed oils * Highinglucose and sugars
e Abundantresource « High efficiency * No pre-treatment

« Needs Pre-treatment  Fatty acid- impacts structure * Strain optimization needed



Applications of PHAS




Silk Thermoplastics are Prepared from Silk Fibroin

Powder a
* Silk fibroin is extracted from silk % 2 Dlssoaion I , 2. Miling
cocoons and freeze-dried into o
powder —
 Silk powderis hot-pressedina
metallic mold to prepare plastics
* Plastics are rigid and strong. May also

be machined

21

Guo, C. et al. Nature Materials 2020



Varying Temperature and-. N S
Pressure Modulates D W
Plastic Properties e e

s I8
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* Increased Optical transperancy and | | = o
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* Changes in mechanical properties f |
based on treatment temperatures e Nt i v ottt
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* Changes in enzymatic degradation rate ¢ . d; 1 R ESEN I s St
due to treatment temperatures ; - J ; ol o $o
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Guo, C. et al. Nature Materials 2020



Silk Plastics Loaded with Enzymes to Facilitate

De radatlon a . 2 sl - b.E hel C os- B P il
5 ? 00+ . 2 . o 5 ¢ P
f . — g E Bl 5 | 2 Gd-
: ljlznaluﬁunn h ) E " "
..'f‘.’j‘.}ff".‘f'.f'?f".rf‘f”.‘.’ ........... h‘?.??.EF?.'?:‘-E??'I";.. Enzyme resisiat B | Bt B 03+
Heater  Mold l to hiﬁ:lamp-&mturs 4 5 - [yt 1=
. and pressure o
T“‘ i B S . S S .
i Tiersy [dary) T (day)
o P e
h E TR Sae) : R
£ l Thermoplastic Molding
nzyme
h |u4r| - s ian within . ° M
came o s ® Ollk acts as protectant during thermopressing
(inactive) a = %: activated enzyme
i Hydration ~ pH _ : Degrading silk
R ¢ .2 | * Enzyme activity is preserved
[ L & - e
- € =7 %
Tiiggered ercymatic degracetion fivsde — outsice) * Facilitates inside to outside degradation
¢ €
., ® . -
€ ¢ ) & N ; '€ . Wu, J. et al. ACS Biomaterials Science and Engineering 2024
23

Surface degradation (outside — inside)



Biopolymer Coatings Impart Surface Functionality
to Materials

* Surface properties such as charge,
roughness and hydrophilicity may be
modified using biopolymer coatings

* Biodegradable and green surface
modification techniques for all
materials and devices

Nouri, A. et al. Smart Materials in Manufacturing, 2023
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Silk-based Edible Coating for Improved Food

........................................................................................................

. Silk fibroin coating : Silk fibroin coating
N ti : :
St O ra ge ; : ° co\a "9 : 23% beta sheets : 58% beta-sheets

As
15 D1 - - 23% beta-sheets Erece'vedg
: ; Water 4 1hour > 36% beta-sheets : :
Dip coating {x‘Z1 :)) gi anneallng 6 hours -> 48% beta-sheets : : : :
. . W, X 12h0UrS-) Ss%betasheets '. .......... E ............................ S...............................; ................................ E
I ”o 1 |74 : . : . .
w LA A
Q001ﬁ [—— - Yvee : Day7
T S LA A A :
a “ - ) i a

.........................................................................................................

Marelli, B. et al. Scientific Reports, 2016

« Silk fibroin is dip-coated onto food and water AL g
annealed to induce beta-sheeting

:
* Coating improved moisture retention, prevent ?40 f i i
weight loss and decay of food :

N
o

X No coating @ D1-23%  ®D2-23% uD4-23% @ D1-36%
® D2-36% ® D4-36% ¢ D1-48% * D2-48% * D4-48%

« Edible, food-grade coating o | SDVE0R  SDhEseR  mhesee

b o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time [day]



Mori: Edible Silk Coating for Food Storage and

Preservation

Hit your Reduce plastic  Limit food Go the distance.
numbers. use. waste.

Mori lets you reach new
All-natural protection Mori makes food more By naturally preserving food, markets and develop new
sustainably keeps food from sustainable; it increases shelf- Mori reduces the financial product categories, Mori keeps
going to waste. Driving life without the need for single-  impact of shrink. food naturally fresher for longer.
efficiency and flexibility in your  use plastic.

distribution system. PY Silk Coating preve ntS —
* Moisture loss

> o Aj tact
morl . Bgccfc(;?iaalcmold growth

With Mori : Without




Hydrophobic Biopolymers: Teflon Alternatives

TODAY IN CHEMISTRY HISTORY

TETRAFLUOROETHENE POLYTETRAFLUOROETHENE

s the brand name for pol\rbet aflucroethene (FTFE). It's awhbe WaXY s bsl:a nce,
dwas ctually created by accident by Roy Plu kett 1538. Dwring research of
refrigerants, the tetraflu DrDEth e Plunkett was using was accidentally pol Ivmer sd

* Hydrophobic coatings like Teflon are

prepared from fossil fuels
327°C

* PFAS exposure and release is an 260°C
environmental concern e

Teﬂon n-stick properties are in part due to the str\e gth coatin eated the polymer can begin break g
of its bnn—ﬂ orine bon d wh ch are h emically in o n,a & cause flu-like
Addt nally, due to the flu atoms, th ntermaolec la oms. ong term effects of human
forces betweean PTFE al d h rmol ules are very wealk. EXpOS e fumes are still largely unknown.

8 COMPOUMND INTEREST 2016 - WWW.COMPOUMDCHEM. CDM I@CDMPDUNDCI-EM @@@@
Shared under a Creative Commons Attribution-NonCommercial-M




Fluorinated Silk as Biodegradable Alternative for Teflon

N/\/NHZ N/\/N CxFy
..@OQ 00@00

Amine-modified Silk Fluorine-modified Silk

OH

Carboxylic acid-modified Silk

¢ &

cob0o -

Native Silk

Dropcast ==
\ Fluorine modified silk \?gzgg‘é' = % B C.Fychaln. ~
Amine-modified C2 C4 C8
WCA =43 +5° WCA =68 + 3° WCA =103 + 12° WCA =108 + 1°

p — Y - %

. SO,CF,
Fgc/\l N

c2 @ SO,CF,

» © SOLCF,
F,.Cs~ 1 N

c4 f 'SO,CF,

> o SOCF,
FisC;~ 1 N

cs © 'SO,CF,

so?cr3
FirCo™ >

Cc9 1 sozcra

linker == silk fibroin

C9
WCA = 125 + 3°

* Biodegradable
Alternative

High water contact
angles

Still using
perfluorocarbons

Fountain, J.N.etal. Chem BioChem, 2022



Biopolymers as Filtration Membranes

Interception

Diffusion

Impaction

Sieving

O
11

.
——
Bacteria

B

I

B ::::_
 — |

Face Mask

Filter

i Charge-Charge

Interactions

i Hydrophobic I

Interactions

Chemical
Bonding

~

Hydrogen
Bonding ]

Modifiable with

green chemistry
and fabrication

techniques

Biodegradable -
ideal for single use

Non-toxic and safe



Bacterial Cellulose Filtration Systems for Wastewater

110 (b)

(@) 17sd
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o - N w &~ o
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i

p Gann o <an e o ol > 0.1 1 100
w‘:‘ﬂﬂ%ﬁ“‘“ oo Qe e Diameter (pm)
Hu, Y. et al. Journal of Membrane Science, 2021

* Polydopamine coated BC membranes
show good affinity for most oils and dyes

» \Wastewater treatment strategy



Silk Membranes utilized for Recovering REEs

Low-grade rare earth waste Silk-based membranes Chemical : Biosynthesis
Synthesis ;
I
d:\:t;h:o Silk nanofibrils : (S;Eg),
aPocP (SNF) | Lanthanide Silk-elastin
I binding tag domain
Silkworm :
Silk-elastin-like cocoon : O
protein (SELP) — :
| ]" U
\ / @ : Plasmid cloning *
Lanthanide binding M Lff : - B
tags (LBT) N, " L‘}} [
= = ! 'f;';; ? A D II:_J‘I"'.
SNF modified ~ Silk nanofibrils | Y &5
. .. . . with LBT (SNF) 1 LBT-SELPs Expression
Silk membranes modified to include a Lanthanide \ ) %
binding moiety 00 o [N L menrne
* Can purify and recover rare-earth elements from  vee—e ¢ o *©
other @ © » ) L
waste streams metals ©

* Reduce mining of rare-earth elements Scheel, R. A. et al. ACS ES&T Engg, 2024



Silk Membranes utilized for Recovering REEs

100
(a) =% (a) 120 (b) 100

%11 @24, 4°C = = 100 el

8o {| O24h,37°C E + __ 80+

=1

70 1 + 2 80 - J- g 70 1 ‘|-
= 8 B 601
5 00 i X 60 - 2 50 1
5 50- Tk = 8 40
] 40 | 2 401 2 90
- + © 20 -
= h S 20 -

20 1 £ 10 A

-
20 2 0 0
o L., . i . : ;
SNF  SNF-LBT2 V5 Low  Medium  High

* Upto 80% Terbium captured from solution
* Terbium recovered by eluting membrane with
acidic solution

d Mem brane iS reusable 15t Tb Capture 1%t Elution 4" Th Capture
(Cycle 1) (Cycle 1) (Cycle 4)

Scheel, R. A. etal. ACS ES&T Engg, 2024



Blopolymer-based Adhesives

.9: medical applications d) particle formation

tannic acid acts as crosslinker o
a) helical proplonylated amylose drug release o P e
with | i W B e ig Lol
=L AE )/ P
e carboxymethylchitosan

nds
; 3
O="=0
G=""=0
hydrogen bonds

hydrogen bo

O

phosphatidylethanolamine x
bilayer of endothelial cells

b) alginate carboxymethylcellulose hydrogel formation

covalently modified with boronic acid

[
Interaction with itself | ©) guargum
covalently modified with
W glycidyl methacrylate
JLOUL S St
Interaction with N :
polyvinylaicohol G\/,:> :
1 c) fucoidan hydrogel : : -
e Adhesives made from sormadn e
e hydrogel formation via
I I I @ i
b | O p O ly m e rS | n S p | re d by ;M%% methoxy grou,ps of the linker
adhesive materials in » R A
) cross-links by
n at U re “ silanols




Biopolymer-based Elastomer Alternative to

o ) BOLT
SIlIConeS — O ThReans

VALUE PROPOSITION BIOBASED & FORMULATOR CLINICALLY PROVEN

B-silk™ is result of 13+ years Unlike silicone elastomers, B-silk™ is highly B-silk™ has been on the
of deep R&D. Now, this b-silk™is biodegradable versatile — it is stable, shelf in hair care products
’ % . robust, and does not since 2020 and boasts 20+
patented and  proprietary B-silk™ is USDA negatively react with established benefits,
polypeptide is ready to Certified Biobased product other ingredients found including giving the
effectively meet the .n.la rket Vegan Verified by Eurofins in slkmm re, suncare, a ppear,anc? oi ﬁrmer a.nd
demand to replace silicone Chem-MAP color cosmetics, or more elastic skin, making
slastotiiers. dovoes Beatitr & haircare. the cosmetic signs of aging
y Microbiome friendly less noticeable, increased
Personal Care— pollution cleansing, hair

curl retention, and more.

Bsilk™ Value Propasition & Market Differentiators — 33

* Silicones provide the slip and smoothness in many cosmetic and medical products
* Fossil fuel generated, many health and concerns
* Recombinant spider silk-based alternative produced from bioengineered yeast



Final Thoughts!

Biopolymer replacements for traditional synthetic
polymers have several applications

’ - -~
-~
=
~
-~

%‘v- »-

Cost of manufacturing, cost of goods is still a
concern

Is scale-up feasible?

Can existing manufacturing techniques be
translated for biopolymers?

Biapolymer Metropolis: The Living C
Artwork made using Gemi
a Large Language Model by Goog

Nerated jJiine 4 ()*
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