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Structural biopolymers synthesis, assembly and fabrication

Materials for agriculture, food safety and food security

Materials for regenerative medicine, sensors and 
optoelectronics

Soil Engineering



Structural proteins, polysaccharides and polynucleotides are the 
building materials of life – they realize a diversity of functions that 

provide structural support, locomotion and protection
Key features:

i. Simple material makeup 
developed to facilitate 
species survival

ii. Materials efficiently created 
with low energy consumption

iii. Simple processing conditions

iv. Formed from a few distinct 
but abundantly available 
repeating material 
constituents  

Nature as source of inspiration

Leonardo da Vinci, Codex Atlanticus, Folio 846 v

…to the study of innovative solutions

From mythology…

Daedalus and Icarus, Charles Paul Landon
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Nature as source of inspiration for engineering innovative solutions…

Fig. 194 shows the boxfish and a morphological shape, which has provided the design model for the
car. It should be noticed that this shape does not optimize the aerodynamics but is a compromise be-
tween internal space and aerodynamic stability.

7.6. Bioinspiation: attachment

7.6.1. Gecko foot
The design principle of the gecko foot has given rise to extensive research in the hopes of creating

structures that have reusable and effective attachment properties. Arzt and co-workers

Fig. 191. (a) Shinkanzen train nose and (b) kingfisher’s beak.

Fig. 192. Bioinspired architectural shells based on bird skulls. Architect Andreas Harris.

P.-Y. Chen et al. / Progress in Materials Science 57 (2012) 1492–1704 1669

Shinkansen train nose Kingfisher’s beak

P.-Y. Chen et al. / Progress in Materials Science 57 ,1492–1704 , (2012)

Falcon wing feather Thermal chimneys

Bioinspiration
Biomimicry



Structural proteins, polysaccharides and polynucleotides are the 
building materials of life – they realize a diversity of functions that 

provide structural support, locomotion and protection
Key features:

i. Simple material makeup 
developed to facilitate 
species survival

ii. Materials efficiently created 
with low energy consumption

iii. Simple processing conditions

iv. Formed from a few distinct 
but abundantly available 
repeating material 
constituents  

Nature as source of inspiration for engineering innovative solutions…

Kröger, Science, 325, 1351-1352, (2009)

Fractured mollusk shell

Prismatic calcite

Nacre
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Adapted from Munch et al., Science, 322, 1516-1520 (2008) and Wegst et al Nat Mater 14, 23–36 (2015)
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Schröder-Turk et al J Struct Biol 174(2), 290-295 (2011)
Michielsen et al, Interface 5, 85-94 (2010) 



Collagens
[GPX]n

Structural biopolymers are the building materials of life – they realize 
a diversity of functions that provide structural support, locomotion 

and protection

Key features:

i. Simple material makeup 
developed to facilitate 
species survival

ii. Materials efficiently created 
with low energy consumption

iii. Simple processing conditions

iv. Formed from a few distinct 
but abundantly available 
repeating material 
constituents  

Silks
[GAGAGS]n

Keratins
a-[abcdef]n or 
b-[GXG]n

Hu et al. Mater Today 15(5),208–215 (2012)
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Advanced

Biopolymers





Insect Silk: One Name, Many Materials

Sutherland et al. Ann Rev of Entimol. 55, 171–188 
(2010)
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Biopolymers can be regenerated to their molecular form – the 
reverse engineering process yields aqueous suspensions where the 

biomolecules are in a state similar to the extracellular one  

Engineering design:

i. Regeneration in aqueous 
solutions

Sources: raw materials Processing: extraction

Aqueous suspensionMicelles

10 nm

AL B.. . .Laboratory for
Advanced

Biopolymers



Key features:

i. Low-energy processing

ii. Mild environments

iii. Self-assembly

iv. Polymorphism

Assembly of silk materials

-1

AL B.. . .Laboratory for
Advanced

Biopolymers

Thermodynamics of self-assembly



Key features:

i. Low-energy processing

ii. Mild environments

iii. Self-assembly

iv. Polymorphism

Thermodynamics of self-assembly
Silk fibroin polymorphism
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Assembly of silk materials



Marelli et al, PNAS 2017

Silk fibroin self-assembly

Amorphous
Helix

Beta-sheets

Hydrophobic domain
Hydrophilic spacer

Silk solution Silk hydrogel Silk aerogel
  Solution state
 Electrostatic repulsion

Intermolecular interactions
  Stable conformation

Intermolecular crosslinks
 Stable conformation

Micelle

Nanoparticles Spinning silk nanoparticles 
into crystalline nanofibrils

      Silk fibroin heavy chain 
   in amorphous conformation
(no intermolecular interactions)

  Silk fibroin heavy chain in helical
   and beta-sheet conformation
(intermolecular interactions and crosslinks)

Silk fibroin heavy chain in 
 beta-sheet conformation
(intermolecular crosslinks)

Intermicellar
 interactions

Regenerated fibroin solution

10	nm
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Key features:

i. Low-energy processing

ii. Mild environments

iii. Self-assembly

iv. Polymorphism

Assembly of silk materials



Silk fibroin self-assembly

Amorphous
Helix

Beta-sheets
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Hydrophilic spacer
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  Solution state
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Intermolecular crosslinks
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Micelle
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into crystalline nanofibrils

      Silk fibroin heavy chain 
   in amorphous conformation
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  Silk fibroin heavy chain in helical
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(intermolecular interactions and crosslinks)

Silk fibroin heavy chain in 
 beta-sheet conformation
(intermolecular crosslinks)

Intermicellar
 interactions

Regenerated fibroin gel

50	nm
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Key features:

i. Low-energy processing

ii. Mild environments

iii. Self-assembly

iv. Polymorphism

Marelli et al, PNAS 2017

Assembly of silk materials



Silk fibroin self-assembly

Amorphous
Helix

Beta-sheets

Hydrophobic domain
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  Stable conformation
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Silk monolith
Amorphous fibroin film

Plane distance
0.40 ± 0.04 nm

Crystalline fibroin film

Plane distance
0.33 ± 0.03 nm
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Key features:

i. Low-energy processing

ii. Mild environments

iii. Self-assembly

iv. Polymorphism

Marelli et al, PNAS 2017

Assembly of silk materials



Biopolymers self-assembly is driven by modulating the molecular 
concentration in the suspension and environmental conditions –

biological entities can be added at the point of self-assembly

Engineering design:

i. Regeneration in aqueous 
solutions

ii. Self-assembly in physiological 
conditions

Biopolymer 
suspension

Addition of 
dopants

Cells, 
enzymes, 

GFs, 
antibodies,

… 

Self-assembly

Water removal,
pH, 
T, P,

shear stress, 
electric field,

Key: addition of dopants 
enables the formation of 
biopolymers-based materials 
with programmable functions

AL B.. . .Laboratory for
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Regenerated biopolymers can be used as fundamental building 
blocks to address unmet technological challenges in regenerative 

medicine and advanced manufacturing

Key features:

sustainable  
processed in water
controlled degradation 
edible
non-toxic
implantable
technological
preserves bio-function

Marelli and Omenetto J. Mater. Chem. C 3, 2783-2787 (2015)

solvent casting

3D nanostructures

 Self-assembly
Mesostructure
Polymorphism
Bound water
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Forms and Functions



Material form: the silk protein can be fabricated in multiple 
formats that can be combined to orchestrate the engineering of 
materials with multiple 
functions in a single 
material format

Monoliths Fibres Particles

Dispersed	
phase	(silk	
fibroin)

Continuous	
flow	(PVA) Collection	

vessel

30G	needle

16G	needle

b)

a)

c)

Tubes Gels Films

Inkjet printing Nanopillars Nanoholes

Photonic crystals 3d printing Aerogels

200 nm 1 µm

200 µm



Key features:

i. Unprecedented versatility

ii. Biotic/abiotic interface

i. Biodegradable/compostable

ii. Organic/inorganic interface

Inkjet printing of silk fibroin: 
from printable forms to printable functions

Silk fibroin polymorphism

Marelli, Tao et al, Adv. Mater., 2015 
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Tao, Marelli et al, Adv. Mater., 2015 

IJP of silk fibroin: From printable forms to printable functions
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IJP of silk fibroin: From printable forms to printable functions
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Engineering nanostructures:

i. Material final structure can be 
engineered with top-down 
strategies.

ii. The process can be achieved 
completely ‘out of the hood’ 
with water-based ‘chemistry’

iii. Sub-10 nm resolution can be 
achieved both as positive or 
negative resist 

Nanofabrication of structural proteins can be achieved using 
top-down approaches as electron beam lithography

Kim, Marelli et al, Nature Nanotech, 2014

crosslinked	silk	film
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92 wt% H2O

9 wt% H2O

Engineering structures:

i. The material final structure 
can be engineered with 
bottom-up approaches.

ii. Templating self-assembly 
allows to obtain complex 
shapes with no need for 
’machining’

iii. Alternatively, simple 
biopolymers blocks (prism or 
cylindrically-shaped) may be 
fabricated and then 
machined to the final shape 

Biofabrication of structural proteins in advanced materials can 
be achieved by directing and templating self-assembly and by 
modulating polymorphism, bound water and molecular weight

Marelli et al, PNAS, 2017
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Engineering structures:

Fabrication of three dimensional 
silk fibroin complex structures 
(e.g. gears) of defined 
dimensions by molding process. 

Designing the original master 
has to take into account for 
shrinkage in the gel-solid 
processing step, due to 
evaporation of the mold. 

Biofabrication of structural proteins in advanced materials can 
be achieved by directing and templating self-assembly and by 
modulating polymorphism, bound water and molecular weight

30 mm40 mm 20 mm 14 mm

90 wt% H2O 42 wt% H2O 18 wt% H2O
9 wt% H2O

Marelli et al, PNAS, 2017



Unexpected functions can be achieved by doping biopolymer 
structures with water-soluble molecules that impart ‘orthogonal’ 

properties to the final material
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Designed functions:

i. New functionalities may be 
achieved by fabricating 
‘hybrid materials’ via doping 
at the point of material self-
assembly

Marelli et al, PNAS, 2017



Unexpected functions can be achieved by doping biopolymer 
structures with water-soluble molecules that impart ‘orthogonal’ 

properties to the final material
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160°C

17°C

20 nm

Designed functions:

i. New functionalities may be 
achieved by fabricating 
‘hybrid materials’ via doping 
at the point of material self-
assembly

ii. Gold nanorods with tailorable  
plasmonic resonances may 
be incorporated, yielding 
mechanical components that 
heats up when irradiated with 
visible (red) and near-IR light.

Marelli et al, PNAS, 2017



Unexpected functions can be achieved by doping biopolymer 
structures with water-soluble molecules that impart ‘orthogonal’ 

properties to the final material
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Designed functions:

i. New functionalities may be 
achieved by fabricating 
‘hybrid materials’ via doping 
at the point of material self-
assembly

ii. Engineered silk fibroin screws 
with biological functions -
horseradish peroxidase can 
be incorporated in 
engineered silk screws to 
impart catalytic activities to 
the material.

Marelli et al, PNAS, 2017
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Unexpected functions can be achieved by doping biopolymer 
structures with water-soluble molecules that impart ‘orthogonal’ 

properties to the final material

Designed functions:

i. New functionalities may be 
achieved by fabricating 
‘hybrid materials’ via doping 
at the point of material self-
assembly

ii. Polymers that change in color 
when exposed to mechanical 
stresses may be incorporate 
to design mechanical 
components that ‘sense’ 
when they are plastically 
deformed (i.e. yield point)

Marelli et al, PNAS, 2017









Silk	Fibroin	as	Edible	Coating	for	
Perishable	Food	Preservation	



AL B.. . .Laboratory for
Advanced

Biopolymers

Marelli et al, Sci. Rep., 2016

Edible coating for perishable food preservation 
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Marelli et al, Sci. Rep., 2016

Edible coating for perishable food preservation 



Edible coating for perishable food preservation 
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Structural biopolymers provide an unprecedented tool to 
address the technological thirst for innovative solutions in 

advanced materials for agriculture and manufacturing

New bricks to redefine the 
fabrication rules at the nano-, 
meso- and micro-scale

Universal building blocks that liaise 
between the biotic and abiotic 
worlds 



4Bs’Biopolymers
Biomineralization
Biofabrication
Biomimetics lab

The 4B’s lab works in the area of structural biopolymers, biomineralization and self-
assembly. By using biofabrication strategies, the research group designs bio-
inspired materials that work at the biotic/abiotic interface to prevent or mitigate 
environmental impact. The 4B’s lab has a strong focus on engineering and 
innovation from a multiple-scale perspective with research interests that include 
mechanical and optoelectronic properties of natural polymers, biocomposites, 
additive manufacturing, and emerging technologies.
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