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1st time meeting 
cellulose!



Gray group, ca. 2008
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…nanomaterials
…quantum dots
…electrospinning
…hydrogels
…self-assembly
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 Mostly from plants
 Glucose polymer
 Hierarchical
 Crystalline
 Hydrophilic
 Insoluble in most solvents
 Modifiable
 Building material, paper, plastics

Hierarchy of wood from JS Segmehl thesis, 2017
https://doi.org/10.3929/ethz-b-000230544



 Generic umbrella word 

 Encompasses all forms of nanoscale cellulose particles

 Most common types: 
• Cellulose nanofibrils (CNF)
• Cellulose nanocrystals (CNC)
• Bacterial nanocellulose (BNC) – secreted as the ECM 

Nanocellulose
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Klemm DO, Lindström T, Abitbol T, Kralisch D, Chapter 1 - The nanocellulose family, In Micro and Nano Technologies, Nanocellulose Based Composites for Electronics,
Elsevier, 2021, Pages 1-14, ISBN 9780128223505,https://doi.org/10.1016/B978-0-12-822350-5.00001-1.



Nanocellulose
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CNCs by acid hydrolysis
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1947

Ind. Eng. Chem., 39(11), 1507-1512 (1947). 

Crystallite

CNC

Acid hydrolysis



CNC properties 9

 Rod-shaped
 Chemically anisotropic
 High crystallinity
 High Young’s modulus (1 GPa)
 100% nano-yield
 Polydisperse
 Hydrophilic
 Surface charge groups
 Colloidally stable in water (EDL)
 Chemically modifiable
 Shear thinning viscosity
 Alignment in external fields (E, B, shear)
 Liquid crystalline self-assembly 

500 nm

-10 nm

10 nm

100% nano

OH
OSO3

-

OH
OSO3

-

Na+

Na+

CNC = a bundle of 
cellulose chains with 
non-native surfaces

Shafiei-Sabet et al. Cellulose 2014, 21, 3347–3359. 
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P/2

m

φ

Bragg’s law

𝑛𝑛∥ ≈ 1.5
𝑛𝑛⊥ ≈ 1.6

m 
chiral nematic axis

n
director

LH  helicoid

Pitch (P)/2

Chiral nematic liquid crystals

 CNCs form chiral nematic phases as they 
are concentrated

 The liquid crystal structure can be locked 
in films 

 Structure colors occur when P/2 coincides 
with visible wavelengths



Basics of CNC Self-assembly
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Dong et al., Langmuir 12, 1996, p.2076
Straley, Phys. Rev. A 14, 1976,  p.1835

Pitch/2
in µm

ASSEMBLED
SUSPENSION

ISOTROPIC
SUSPENSION

INITIAL FINALINTERMEDIATE

Increasing  concentration

ASSEMBLED
FILM

 

WHY DOES 
THIS 

HAPPEN?

• Stiff rods
• Translational entropy

• Pitch in nm
• Decreases with 

CNC 
concentration



Protein-CNC hybrids: 
post doc with an ELM?
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https://en.wikipedia.org/wiki/Resilin

Drosophila melanogaster

+

OH
OSO3

-

OH
OSO3

-

Na+

Na+

 Stiff nanoparticle
 Young’s Modulus of 

ca.1 GPa

Springy and stiff?

 Exon 1 with C-terminal 
cellulose binding module 
(CBD) expressed in E. 
Coli

 CNC + exon 1 linked via 
CBD

Prof. Oded Shoseyov

… a post doc within a post doc? (5 month exchange)
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• Had not heard of the word ELM –
is it an ELM?

• Oh! What a low IF! Mon dieu!

• Cited 35 times since 2015, not 
great 

• One of the 1st reports of a 
nanocellulose-protein hybrid
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• Recombinant resilin protein, 
genetically engineered to include a 
cellulose binding domain (sticky 
part)

• Studied the properties of this resilin 
construct bound to CNCs in films
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• “…advances in bioengineering 
have provided scientists with the 
strategies needed to design 
recombinant proteins with specific 
functionality in mind, such as 
elastomeric recombinant proteins 
based on resilin, which can then be 
used to prepare well-defined 
biomaterials.”



Lac operon
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lac operon

 A group of genes in E. Coli that control 
the metabolism of lactose

 Three genes involved lacZ, lacY and 
lac A

 Genes transcribed when glucose is 
low to enable lactose metabolism 
(preference is for glucose) 

https://goldbio.com/articles/article/how-does-iptg-induction-work?srsltid=AfmBOoqLOVy986XAIaHtEIiHrsJGPzfd1XQSoJ24D3PXrDO94p6QA_H5#_Toc56514550


Lac operon  – gene 
regulation 
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lac operon

No lactose (default)
 Repressor is active and bound to operator
 No gene transcription for lactose metabolizing enzymes

Lactose present
 Lactose (allolactose) binds to repressor, making it unbind from 

the operator
 Gene transcription can occur

Glucose control (catabolite repression)
 CAP is inactive when glucose present, minimal transcription 
 CAP becomes active when glucose absent/low, enhancing 

transcription
 Glucose is preferred carbon source, cells only use lactose when 

glucose e is not present

“AND gate” system only works when lactose is present to remove 
the repressor protein AND glucose is not present (CAP is 
activated)

https://goldbio.com/articles/article/how-does-iptg-induction-work?srsltid=AfmBOoqLOVy986XAIaHtEIiHrsJGPzfd1XQSoJ24D3PXrDO94p6QA_H5#_Toc56514550


 IPTG is a molecular analog 
of allolactose (lactose 
metabolite) – binds to 
repressor

 Triggers transcription of the 
lac operon

 Used to induce protein 
expression where the gene 
is under control of the lac 
operon (often used in 
recombinant protein)

IPTG
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lac operon

https://en.wikipedia.org/wiki/Isopropyl_%CE%B2-D-1-thiogalactopyranoside:%7E:text=Isopropyl%20%CE%B2%2D%20d%2D1%2Dthiogalactopyranoside%20(IPTG)%20is,control%20of%20the%20lac%20operator.
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lac operon

 Clone gene for exon 1 fused to 
CBD into plasmid vector

 Introduce in bacteria (E. Coli)

 Use lac operon to induce the 
transcription of gene of interest 
to get the desired protein

 Without IPTG, no transcription 
or protein expression 

Cloning

https://goldbio.com/articles/article/how-does-iptg-induction-work?srsltid=AfmBOoqLOVy986XAIaHtEIiHrsJGPzfd1XQSoJ24D3PXrDO94p6QA_H5#_Toc56514550


Step 1. Isolation and 
extraction of res-CBD
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“The chimeric gene, consisting of 17 
elastic repeats from the exon 1 of the D. 
melanogaster resilin gene, which was C-
terminal fused to a C. cellulovorans CBD 
gene, was successfully cloned,  
expressed in E. coli, and purified from 
the inclusion bodies of the bacteria”

• Figure shows SDS-PAGE of total 
bacteria - with IPTG induction, a more 
distinct res-CBD band is present



Step 1. Isolation and 
extraction of res-CBD
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• Bacteria sonicated (lysed) and total, 
supernatant and pellet were analyzed by 
SDS-PAGE

• Res-CBD found in pellet, confirming its 
expression in inclusion bodies

• IB’s = particles of aggregated protein 
(common for recombinant protein)

• So purification is usually 2 steps –1. 
extraction of IB’s and 2. solubilization of 
expressed protein and refolding 



Step 1. Isolation and 
extraction of res-CBD
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• Bacteria sonicated (lysed) and total, 
supernatant and pellet were analyzed by 
SDS-PAGE

• Res-CBD found in pellet, confirming its 
expression in inclusion bodies

• IB’s = particles of aggregated protein 
(common for recombinant protein)

• So purification is usually 2 steps – extraction 
of IB’s and solubilization of expressed protein 
and refolding 



After solubilization and 
refolding 
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• Lanes 1-4: supernatants after IB 
washing steps (soluble protein is 
removed leaving only IBs) –
(supernatant is depleted in protein 
with washing)

• Lanes 5-7: Urea dissolved IB’s –
total, supernatant and pellet (res-
CBD is now in the supernatant)

• Lane 8: Supernatant after refolding 
(looks clean, pretty much only res-
CBD)



Checking proper 
refolding 
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• Tested binding with a commercial pure cellulose 
microcrystalline powder (Avicel) at 1:300 w/w 
protein to cellulose

• Binding is only possible if refolded correctly

• Lane 1: total (before centrifugation)

• Lane 2: pellet – shows res-CBD with the 
cellulose in the pellet

• Lane 3: shows no/little res-CBD in the 
supernatant because it is bound to the cellulose 
powder



What about binding to 
cellulose nanocrystals
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• Different ratios of protein to 
cellulose

• 1:1, 1:5, 1:10, 1:50

• Incubated together 

• Filtered with centrifugation through 
a 0.2 µm filter such that any 
unbound protein will be in the 
permeate; CNC stays  in in the 
retentate (ultrafiltration)

• Study crude (C) before filtration), 
and retentate (R) and permeate (P) 
after filtration 

Retentate – CNCs stay 
here, too big to pass 
through the membrane

Permeate – Only small 
molecules like water 
and unbound protein 
can pass through  



What about binding to 
cellulose nanocrystals
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protein in permeate

• 1:5 – optimal, no protein in permeate

• 1:10 – the condition that was used for the rest of 
the study

Unbound protein No unbound protein



Binding by IR 
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• Bonds related to 
protein amino acids 
show up in bound 
construct… makes 
sense

• Really looks like a 
blended spectra 



What does the bound 
construct look like?
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What about colloidal 
properties?
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• No huge difference in surface charge
• Small increase in “apparent” size

OH
OSO3

-

OH
OSO3

-

Na+

Na+



Let’s make a film!
M

SE
 4

93

32

• OK, I confess, this is the ugliest CNC 
film that ever was and we can do 
better…

• What you can trust – CNC films are 
really brittle and they crack easily



Let’s make a film!
M

SE
 4

93

33

• Point is – the construct film (cast 
under the same conditions as the film 
on the previous slide) is more bendy

• Remember – we are just dying to find 
evidence of resilin elasticity! (We 
sometimes add glycerol as a 
plasticizer to make it even more 
bendy, but not yet)



What about surface 
wetting? 
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• Hello glycerol = wanted to 
keep the dried protein 
hydrated! Helps elasticity!

• Res-CBD films are much 
more hydrophobic than pure 
CNC films!

• Something is different! 



What’s it looks like 
inside the films?
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• Cross-sectional SEM

• 500 nm scale bars

• Glycerol films look sticky

• Typical mille-feuille look. 
Yum!

• Hard to see a big diff with 
and without protein

0% Glycerol 5% Glycerol 25% Glycerol

C
N

C
re

sC
BD

-C
N

C



Remember it’s CNC – we 
care about self-assembly
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• Fancy polarized optical microscope
• CNC films show lots of different orientations (typical)



Remember it’s CNC – we 
care about self-assembly
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• Fancy polarized optical microscope
• Hmmm… one color means all the rods are pointing in the same direction? 



What’s going on with 
the alignment?
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• Seems related to the CBD, not so much the resilin



So are these films 
strong and elastic? 
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• Tensile tests

• CNC: lower  modulus and higher strain at break 
with added glycerol (intuitive)

• resCBD-CNC: higher modulus and less clear 
trend with strain at break with added glycerol 
(counterintuitive) 

• Res seems important for modulus

• @0.5% glycerol – films are indeed strong and 
elastic

• For the mechanicians – we did a whole bunch 
more tests…read the paper if interested



What’s the big picture? (We 
think…I used PP in 2014)
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Compared to CNC films -

 Tougher (+150%)

 More elastic (+100%)

 Less hydrophilic

 Long-range (cm) unidirectional alignment 
(this is actually a hard thing to achieve)

• CBD zips up CNCs!
• Hydrophobic crystal face of CNC probably matters and is where the protein 

binds



More recent works…
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2018 thesis from Aalto (and papers –
better IF)



What’s exciting for me?
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CBD RES

 Directed alignment of a nanomaterial (usually 
we need strong forces to get a unidirectional 
alignment)

 That we can use a CBD moiety to bind stuff to 
cellulose nanocrystals (much nicer than 
conventional surface modifications)

 It could be better (always) – different 
modifications, crosslinking the resilin to get an 
elastic network, anything you can think of?

 Not a high impact publication, or in an easy to 
find journal, but an early instance of biotech to 
modify a nanomaterial surface – more 
examples?

CBD zips up CNCs!
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