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Announcements and Housekeeping
* Assignment #2 due TODAY!!

 Make your groups under People -> Groups -> Add group. This is important to
ensure that all group members are graded.

Project Checkpoint #2: Work with your project group to prepare 1 slide to
introduce your project. Slide should include your motivation and Scientific
Hypothesis. Slides may include figures, graphics and text.

Include a second slide with the names of all group members.

Due next Wednesday on 10/02/24 at 11:59 pm
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Kitchen Material Science: My Kombucha makes a
Sustainable Material

SCOBY: Symbiotic Culture of
Bacteria and Yeast

e Kombuchais a fermented tea drink made with a
scoby



Kitchen Material Science: My Kombucha makes a
Sustainable Material

Black Tea Fermented
Kombucha
| —_—— e Culture of yeast and
— — !oacterla is inoculated
= into a sugary tea
4 e/
lavored . -
\ Favore: SCOBY digests the sugar

Kombucha to produce kombucha

* Additionally, the SCOBY
_— is re-produced

Sugar Starter tea SCOBY



What is the SCOBY doing?

Path 1
—
——— 1000mL
&) Path 2
Kombucha
Path 3

/‘[ Lactic fermentation J

)

C6H1206 =) ZCH3CHOHCOOH

glucose lactic acid

Lactic acid bacteria (LAB) - Lactobacillus and Leuconostoc

f[ Alcoholic fermentation l

CeH120¢ »22C,HsOH + 2C0O, T

glucose ethyl alcohol carbon dioxide

Yeast: Schizosaccharomyces pombe, Zygosaccharomyces bailli,
Saccharomyces cerevisiae, Saccharomyces ludwigii, Kloeckera
apiculata,Issatchenkia orientalis, Hanseniaspora

/{ Acetic fermentation |

)

C2HsOH + O, » CH;COOH + H,0

ethyl alcohol oxygen acetic acid water

Acetic acid bacteria (AAB) - Gluconobacter: G. entanii, G.
oxydans, Acetobacter: A. xylionoides, A. aceti, A. pasteurianus,
Komagataeibacter: K. intermedius, K. rhaeticus

Jakubczyk. Ket al. Nutrients 2022

Yeast and bacteria digest the
sucrose to produce alcohol,
organic acids and CO,

Cellulose is produced to form a
pellicle which houses the
cultures

Cellulose producing bacteria -
Acetobacter xylinium
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Applications of SCOBY: How do we get here?

Food packaging




Outline for the Next two Classes

TODAY:

* What are Biopolymers?
* Chemistry and Structure

e Salient Features

Process of Extraction
Past Applications

Key Limitations

NEXT WEEK:

* New design features

* Modification Techniques
* Applications

10



Biopolymers: Nature’s building blocks

Fibre bundle Fibre
s (@ =100-200 ym s

Macrofibril

(@ ~ 100 nm)

Cellulose microfibrils
— (@ ~ 20 nm)

Hemicellulose

) ";\,\
\
WiN . :
\ , _ﬁ- Lignin

______ Elementary fibril
i (@~ 5nm)

Crystalline
region

c=10.38A

Amorphous
region

Unit cell of cellulose 1B

2 1 i cellulose
Cross-linked macromolecules o? ¥ ¢ ' chains

LA A A
HO. oM O HO on O~ HO oM O- HO. oM Y & ’
OWO%O%)‘LJ °/§;:\/°w°%°\%<’(7 oMV 4 )|
o- oo OM O wo’ oH o o~ OH O e )
= " H " {

H " " Pa 4
4o, PH—O- HO_ OH O~ HO, OM O~ MO,  OM ¥ o
SRR OLY INR LR INR LG o ®
\8 Hoo OM o :}"&’ 2/ M 3/

Fovo, A. D. et al. RSC Advances 2022

Naturally-occurring Polymeric
substances synthesized by living
cells

Naturally occurring monomeric units
synthesized into polymers

Hierarchical Organization:
Polymeric chains further organized
into secondary and tertiary structures

Three main classes— carbohydrates,
proteins and nucleic acids
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Types of Biopolymers

OH
O  OH
HO i
HOq O | OH
HO
HO4

o)
HO
HO
* Polynucleic acids * Polypeptides * Polysaccharides
* Assembledinto * Assembledinto * Linear or branched.
single or double globular or structural Assemble into fibrils
strands proteins * Monosaccharides -
* 5 monomeric units - * 22 monomeric units Glucose, fructose

A,T,G,Cand U —amino acids

12




Primary Structure of Biopolymers

Polysaccharides:

Polynucleotides:
OH CH,0OH 0 CH,OH

b
-0 H H 0
| NH2 0 H o H
e} N NN H » H H H
| </ | ) CH,OH H  OH CH,OH Fi OH
0 ||D O—CH, N Z

| 0 N Polypeptides:
O 0
SH OH
O Nf‘\NH
C H
o |||°| O—CH, <N ) HSN\)L N\)I\
A i

o) N N - N
NH, : H : H
r 2 0 2 o]
O f\N \I_( I
o) ||D O—CH, N/J\o o)
I o) (o) NH,
o)

* Usually linked by ether, ester or amide bonds
* Groups that hydrogen bond produce hierarchical structures



Hydrogen Bonding Dictates Secondary Structure

Hydrogen Bonding:
Inter/Intramolecular dipole-dipole
interactions between a Hydrogen atom

and an electron donor

* Dictates —
* Orientation
* Supramolecular Arrangement

B-pleated
sheet

o (e] O (e] . 1Nt
i | s ' ey | sl | Hik ° Cl‘yStallInIty
C-N’C\C—N\C/C-N’c\c—N\c/C-N’C\C—N\C;CI-N’C\C-N\C/C (l:,cll . .
£ i i i o
A R I R S 5 * |nteraction with other
" - = - ‘ - : - R :
: 5 C ; - ‘ : : o 1
6k Awdom Gubom AuSowm i ‘i biopolymers
) . o o
C?CAN=-C\c N-C2CIN=C\c N-C2CSN-C\c N-C#CIN-C\,N-C NS
. 1 e 1 L R 1 T 1 R

I
HHg R HHgG R HH R HHg H

Parker, N. et al. 7.4 Proteins - Microbiology OpenStax, 2016.
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Weak Interactions play a Significant Role in Protein

Tertiary Structure
Tertiary structure Van del‘ Waals |ntel‘acti0n: Weak
lonic bond T interactions between polarized carbon

atoms within biopolymer structure and

environment
Polar forces_|

Covalent bond Hydrophobic Effect: Non-polar regions

within a polymeric structure form
aggregates to minimize interaction with
water

...O Types of R groups

Water @ Basic @ Hydrophilic (polar)
) Acidic @) Hydrophobic (nonpolar)
) Sulfur-containing

Water

* Primarily govern the orientation of
amorphous regions within protein
chain 15

Facts.Net 17 Surprising Facts about Tertiary Structure



Molecular Structure Affects Properties & Function

1° 2° 3° 4°

L Structure :

=5 HH\@ 77) « Polymer chain length

E Q: Whatis happenlng to the proteln when you fry an egg?

| Pro_|

ol Polypeplide Chain T, > - AU TUlIIdilT TUrioiiuliadlly
Property:
* Mechanical strength
* Flexibility

* Degradability
* Hydrophobicity
* Biological Function

16



Salient Features of Biopolymers

W .
g b T » Sustainably-sourced

Decomposition of Fossil fuel Manufacturing of Use of plastic

. . . . _ L] L]
milonsoyears o adpste P wasto aceumudaton e Structural divers Ity

ago) in landfill and oceans

* Functional diversity

aat00n

)

3 S

@ TN
S

Sustainable Processing ° Aq ueous Pprocess in g

Green Solvent
Waste Prevention/Reuse
Low Energy Input

J/ * Low energy input

Sustainable
Resources

Products

BE ) * Biodegradability

Li et al., Advanced Matls, 2021 17




Why are Biopolymers Degradable?

* Breakdown into naturally-
_ Released into

] edvironment occurring components
N CO, H,0, CHyand |

11 other metabolites
I

(N

Mineralization

* Conducted by abiotic factors as
well as microbes

* Microbes have evolved over
CTETEVET S million years to use metabolites
Assimilation

STV vVeVve as nutrient
STV

Oligomer, dimer

e Microbes can breakdown
Biofragmentation

_____________ | ester, ether and amide bonds
Solanki, S. et al. Biodegradation 2022

—
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Why are Synthetic Polymers not Degradable?

Polyethylene terephthalate (PET) Polyurethane (PU)
- - - e Still susceptible to abiotic

-OH |0 9 deterioration
0 Z 0—/_ --E—TA@—%—@—T-Q-O-%-CHQ—W
H H

"TO ° ' "« Breakdown fragments cannot
be metabolized by microbes
Polyethylene (PE)  Polyvinyl chloride (PVC)  Polypropylene (PP) Polystyrene (PS)
ST T o - H r[f Q | e Predominantly C-C linkages
—-é—(l:—- __(I:_é__ -—$—C|£|—— : which eTre not broken down by
_;L Ili__n II4 ! | l"/E\H E E microbial enzymes

__.n — -“‘n
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Factors Affecting Degradation

* Environmental factors such as
aerobic vs. anerobic degradation

[ Rate of biodegradation ]

| — should be considered
[ Organism ] [ Substrate ] [ Environmental factor ]
[ | I
T - ... Y . "\ + Biopolymer properties will
. i e Chemical bonds e Temperature R
Appropriate Chemical Bl modulate degradability
enzymes e Crystallinity ;
) : e Moisture
e Enzyme location e Branching o
® Appropriate enzyme e Chain ﬂexibility SO oo . .
fevel o Bydrophiticity iy S * Types of organism dictates
* Iohibitpre) inchicers Jropfopetly « Salts enzyme eg. Protease, amylase
e Aerobic and e Molecular weight e Redox potential ) g
anaerobic facultative e Interactions with e Metals etc
e Enzyme kinematics polymers, coatings e pH )
k / k / K. Trace nutrients /

* Biopolymer amount and type can
Birania, S. et al. Food Process Engineering, 2021 affeCt microbial pOpUlatiOnS as
well as local flora and fauna

20



Just because something is Biodegradable doesn’t mean it
won’t cause environmental damage

QUHPDST

21



Q: Why is nylon not

degradable?

e Research at home

* Answer will be

discussed in the next

class

nHO—C~

H2 H2
C C

< -
C C + n H-N
Hz Hz :

Adipic acid (n moles)

|\ Condensation

nH20 <« | reaction
H H, H H H,
( C C N B
C ( C \C C

An amide bond

Nylon

22



Other Types of Biopolymers: Rubber

l/5

HyC CH, H;C CHy T \
\._ Y o
..... 7\ /o \
H2C H '__CHz H
= _In
[soprene Natural rubber (polyisoprene)

Fazli, A. et al. Materials 2020

* Natural rubber extracted from rubber tree is a class of molecules known as terpenes
* Anelastomer that is biodegradable

* Rubberis often blended with synthetic variant or vulcanized

* Vulcanization: Irreversible chemical crosslinking of rubber using sulfur and heat
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Other Types of Blopolymers. ngnln

Hemlcellulose Cellulose

1 \ H
1 ° p o H . "lm
fco ~ OH mc—CH—ﬁ-l,ﬂH I oH HE“—'iCﬂrbuhrd rate] —
i HOD/\/\~ o HigH Hi-:}"; ;I[
o O
HSCO:@NOH S —— @ w:»@
3 HT CH, | I-IIZ—D
HO "fg}jﬂ HIE—?H ey Lo
OCH, R
|
o 1 «E‘? iy = %3\1 9y
HCED__E HOG—H—CH,OH @ @ H
. . | HCOH
* Third most abundant biopolymer after *{%’ﬂ“ @ @ n D_CH EJ@J;I\“
cellulose and hemicellulose - (?T
* Found in most wood providing rigidity and o T N e
structural support ~

H,J;I:H OH
* Removal of lignin from wood pulpis a o é?\‘
challenge



Other Types of Biopolymers: Cutin

(A) sSurface wax

@)
// +Cuticle proper (b) 0 (@) I g_ox
=/ {cutin embedded Il P ANV
e —'\q-d_-"’—:;i:\___-tf in wax) RC-Q,WY\/\/WC'
R o .(" ARG X Cuticular layer \ HO f /(\/V\N\/\N\P\\‘o\
G O AR :::bgh;:;;t:ﬂf! The monomers are mostly S .
RESOE linked by primary ester 5 (E Secondary ester linkages have
Ay DN bonds X A AAAAAAN S0 also been identified
- Middle lame
RC-O
"~ Plasma él)
membrane
“Tonoplast (© Ball and stick code:-
Epiciarmal < &— Fatty acid
cell N e——o -Hydroxy fatty acid
Vacuole 2
oo Substituted w-hydroxy
L fatty acid
e—e Dicarboxylic acid
o Hydroxyl e Carboxylate
8 Glycerol & Ester

* Component of plant cuticle imparting waxy
hydrophobic coating

* Prevents water log and water damage

* Monomeric unit —fatty acids

TRENDS irp Blant Science




How does the Isolation of Biopolymers from their
Sources Impact the Environment?

* Things to consider -

e Source of material

* Process of extraction —removal of impurities
 Use of solvents, acids and other chemicals

* Energy consumption

 Waste stream

26



Gelatin is Extracted from Meat and Poultry Waste

B | Animal Wastes (! Lo * Green source — Meat waste
] » v and by-products
i pping+ Pretreatment | .- e T .

 Chopping+ 1 —

Acid T n
Acnd Treatment cid Treatment

/Important parameters: | Important parameters:

(CE) Time, temperature, l Frequency, time, f Alkaline
pH, solvent used ¥ temperature ’ Treatment

2 I : approaches available
I mm {4,
Filtration ! |

* Some strategies may
5@ ui@h -

* Water-based processing

[ Extraction

+

require organic solvents

pY (o
: Drying 22t - .
. Time  Solvent | A A =%=. =+ Use of acidic and alkaline
CE: Conventional Extraction. MAE: Microwave-Assisted L ) trea t m e ntS
Extraction. UAE: Ultrasound-Assisted Extraction. EAE: Gelatin -
Enzyme-Assisted Extraction. Powder -

Usman, M. et al. Biomass Conversion and Biorefinery 2023
27



Sllk Fibroinis Extracted from Bombyx mori Silk Cocoons

Bombyx mori ' Sericin coating B-Sheet crystals

i
|
|
|

' |
i
|

Y ¢
— £ or-=4

Ll ]

i

|

i

|

| ' i
Fibroin | N T s -
L | m %

Amorphous region

Cocoons
g Nanoflbnl -----
Silk fi
e Silk fibroi lymer chai
Heavy chain ~390 kDa (5,263 amino acids) Light chain '
-26 kDa (262 b
N tergﬂnus e Repetitive amino acids) Silk fibroin amino acid composition
domain Glycine (45.9%)
/ GAGAGS W Alanine (30.3%)
M Other
/ Serine (12.1%)
,{.:( |.... Tyrosine (5.3%)
1 — Chemically acti
o ;pisumde | EEEEEEEEEE | Cremcly e
llnkage 1 .......... ;%h’éa’.’éiéé%”",
C terminus ' .......... : Glutamic acid (0. 8%)'
[ ] : Aspartic acid (0.5%)
I.. + Arginine (0.3%)
--------------------------------------------------------------------------- | Lysine (0.2%)
T Cysteine (01%)
[+ Degumming Dissolution Dialysis Aqueous silk

LiBr solution

Fibroin B-sheet

[

Boiling Na,CO,
| soluble fibroin fibril
B Br- Br-
A nu
t i l ]
serlcm fibroin

Sahoo, J. K. et al. Nature Reviews Chemistry 2023

——

Leaching Li'‘Br-

i)

fibroin solution

Semipermeable
membrane

ML —
Ty

—IP

Water-soluble
fibroin

Extracted from silk cocoons

Processingis fully in aqueous
media

Minimal use of toxic chemicals
LiBr can be potentially harmful in

wastewater streams at high
concentrations

28



Discussion:

What makes them different?

N



Breakout Session:

In groups of 2-3, discuss the following for 10 min:

* What lighocellulose is — molecular structure,
supramolecular structure, various components

* Whatis bacterial cellulose - structure and components

* Compare similarities and differences

* Discuss methods of extraction for both

* Whatis more sustainable?

* Whatis more cost effective?

e Discussion with the whole class

30



Lignocellulose is Extracted from Wood Pulp

e Celluloseis extracted from wood
Cooking  Washing . Oxygen _Pulp dning through the kraft process

screening  delignification

i, o » Involves corrosive alkali material
(white liquor) to separate lignin

* Bleaching process for materials
like paper

Bleaching chemical
and oxygen supply

Steam turbine

* Highly energy intensive process

Power
boiler

Onarheim, K. et al. International Journal of Greenhouse Gas Control 2017
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Nanocellulose Production is Not Sustainable

cellulose fibril

* Nanocellulose — nanocrystalline
——r cellulose or cellulose nanofibers

\
N “, 0O »)L
o o J oH
W elementary fibril

crystalllne amorphous
\_ cellulose | |

S

* Wide ranging applications -
reinforcement in paper and
plastic packaing, absorbentin
hygiene products, food additive

TEMPO oxidation acid hydrolysis
h - . . .
mechanical fibrlation * Process of fabrication involves

strong acids and high energy
consumption ~ 30 MWh/tonne!

cellulose nanofibers (CNFs) cellulose nanocrystals (CNCs)
5-20 nm x 1-5 pm 5-20 nm x 100-350 nm

32
Onarheim, K. et al. International Journal of Greenhouse Gas Control 2017



Bacterial Cellulose is an Alternative to Lignocellulose

* Bacterial cellulose has the same
molecular structure as lighocellulose

e Forms similar nanocellulose fibrils

* However, process of lighin extraction,
hydrolysis and bleaching avoided

* Producing through biofermentation
processes involving A. xylinium

Titirici, M. et al. Journal of Physics: Materials 2022
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Biopolymers were Widely Utilized Pre-plastic

e Silk fibers used as suture
materials since 600 BC

e Celluloid was the first
thermoplastic developed from
cellulose

* Shellac resin was used for
making records prior to vinyl

* Latex gloves were made with
natural rubber

34



Why did we stop using Biopolymers?

35



Advent of Synthetic Polymers: Silk vs. Nylon

* Silk sutures are multifilament —
multiple filaments of silk polymer
woven together

* Nylon sutures are monofilament

* Monofilament sutures are smooth.
Less visible scars

* Multifilament sutures are more likely
to harbor microbes. Risk of infections

Zhang, G. et al. Friction 2017 36




Vulcanized Rubber: Boon or bane?

* Natural rubber grows brittle with

time and exposure to the
/W\ Sulfur___ elements —temperature,
Heat humidity

* Crosslinking improves durability,
strength and elasticity

S CH;
|| | e However, renders non-
IR LR R
2 2 2 2 2 2
<. degradable
CH; s CH;4
|| I
HiC Hsc J i*: Si T &8 & m | & & m & i
+ — S
= S S ~
ch, HZC—CHZ HZC N __ ¢/ CH, CHSS---..S CH; Charles Goodyear:
poly(isoprene) i (IZ=C—C—C—(I3—(IZ‘—C—C—(I:=C_' Developed
r e T Vulcanization
- process

cross-linked poly(isoprene)




Critical Limitations of Biopolymers led to Synthetic
Polymers

* Cost of production and extraction.

GLOBAL FIBER PRODUCTION * Aqueous, mechanical and thermal

IN MILLION TONNES

“ stability

® Sik

Down
@ Wool - other
@ Wool - sheep

Oter High propensity for degradation

g8 B
.
. |
°

109

80 o I I

i @ Cotton
2 o = I I = ® MMCFs

44 45 — = ;
0-w—Z W = I — Other synthetics .. .
- 10 ji i i o Foyarics * Immunogenicity — latex causes allergies
@ Polyester
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025e 2030e

 Likelihood of infections
Source: https://www.textiletoday.com.bd/demand-for-

referred-fibers-growing-rapidl

e Batch to batch variations — location,

weather etc.
38


https://www.textiletoday.com.bd/demand-for-preferred-fibers-growing-rapidly
https://www.textiletoday.com.bd/demand-for-preferred-fibers-growing-rapidly

How do we Adapt
Biopolymers for a better 3
future? N -

e Next class!

Biopolymer Metropolis: The Living City
Artwork made using Gemini, a Large Language Model by Google.
Generated June 4, 2024.
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