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Abstract
Nature can se rve as a sou rce of insp irat ion for the d e sig n of t he ne xt g e ne ration hig h p e rformance
materials. Proteins can play a major role in structuring the novel sustainable and advanced
functional materials. Given the precise design of proteins at molecular level together with
e xpanding knowle dge of ne w prote in se que nce s, the e ase of ge ne synthe sis, cloning strate gie s and
optimized biological production, various potential designs and applications can be anticipated.
However, one of the main challenge toward this goal is the lack of understanding of the processes
in which such materials could be assembled and form their functional molecular interactions.
Inspired by the natural structural material, this thesis highlights solutions to some of the
fundamental challenges related to the design strategies and processing routes with the extends the
scopes toward potential applications.
In publication 1, the general problem of how to directly assemble genetically engineered and
recombinantly produced fusion proteins toward functional states was touched from a biological
structural materials perspective. This was approached by exploring how the overall protein
architecture and modularity affect liquid-liquid demixing and coacervate formation as the
functioning intermediate entities toward assemblies of protein based ﬁber and also adhesive ﬁber.
In publication 2, the nature of phase separated liquid-like coacervate assemblies was characterized
in detail using various state-of-the-art techniques. Overall, the assemblies showed a range of
properties including low surface tension, low viscosity, fast molecular diffusion, coalescence,
cohesiveness and difformability under shear ﬂow. It was further demonstrated how these could be
used as an intermediate state for strong water based assemblies between various cellulosic surfaces.
In publication 3, cellulose nanoﬁ bril (CNF) was used to fabricate high performance ﬁ bers with
exceptional mechanical properties. This was carried out by exploring how CNF could be aligned
under shear forces while being extruded through rela-tively long and thin capillaries.
In publication 4, the central challenge of biocomposite mimicry as to how to minimize stress
singularity at interfaces of dissimilar components for achieving high toughness was approached.
This was carried out by effective inﬁltration and crosslinking of oriented CNF network (publication
3) through the use of low surface energy, adhesive and energy dissipating phase separated
coacervates (publication 1 and 2). The resulting material showed exceptional strength, stiffness
and overall toughness.
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1. Introduction

There is an emerging awareness in biological sciences that identified liquid-liquid phase transitions of proteins as the key mechanism in various biological processes as well as structure formation at multiple length scales.1 The emerging
understanding emphasizes the importance of mechanisms of colloidal interactions and phase separations to describe structural organization toward intracellular compartments, fibrous structures, adhesives, and nanocomposites. The
liquid-liquid demixing occurring during phase separations results in condensation of proteins into fluid assemblies, which is often described as coacervation.
2–5 Coacervation is critically dependent on: (1) amino acid composition and/on
molecular architecture, (2) concentration of the protein, (3) ionic components
and (4) pH. 5–7 Almost entirely common, very similar physio-chemical phase
properties are shared among all coacervates that are found in different varieties
of biological systems. For instance, many of these coacervating proteins are
highly repetitive in nature and show block-like modular architecture in which
hydrophobic or charged interactions of these blocks mediate the assembly of the
coacervates. 8–11 These interactions result in the pre-assembly and molecular
structuring of the proteins at high concentrations, leading to a bicontinuous network with low viscosity and surface tension that are crucial for the functionality.
In the following sections, the author highlights the substantial importance of
coacervation of proteins toward structure formation in natural fibers, adhesives,
and composite materials.

1

1.1
1.1.1

Coacervation and formation of natural fibers
Spider silk

Orb-weaving spiders are unique from many other silk-producing arthropods as
they have specialized to produce seven task-specific silk types for their various
ecological needs, such as dragline silk, web reinforcement, capturing and wrapping the prey and egg case. Spiders produce silk threads of extraordinary toughness and can be seen as supreme fiber spinning machines. Dragline silk is the
strongest and the most studied silk type. The extraordinary mechanical property
of dragline silk is due to the interplay of molecular architecture, physio-chemical processing, and optimized spinning geometries.12

Figure 1. Schematic illustration of major ampullate spidroin and natural spinning process proposed in the spider. Processing of the spidroin from a dilute liquid solution to a solid fiber
suggested to being involved five main steps as indicated in this figure.

Dragline silk is made from individual protein building blocks known as spidroin.
Spidroin has a 3-block architecture (Figure 1), with a long repetitive block in the
middle, flanked by two relatively small, highly conserved and structured blocks
at the N- and C-terminal with an overall molecular weight of 250-350 kDa.
2

The repetitive blocks provide the basis for the mechanical properties of silk, and
also show many variations between different types of silk.13–15 The repetitive
blocks are based on amino acid sequence motifs with for example distinctive
Alanine-rich stretches (hydrophobic-crystalizing regions providing strength)
that alternate with more hydrophilic regions (hydrophilic amorphous region
providing elasticity) in the major ampullate spidroin which is used to make the
tough dragline silk. The N- and C-terminal blocks have folded structures and
play roles in linking spidroins together by dimerization, the C-terminal covalently by disulfide bridges and the N-terminal in a pH-dependent manner during extrusion16–18. This leads to multimerization and triggering of conformational transitions and spidroin assembly into functional solid fibers. They form
a minor part of the protein, with 120–130 amino acids for the N-terminal and
87–110 amino acids for the C-terminal domain.
The overall architecture is also thought to enhance solubility, preventing
premature crystallization/aggregation. After production, the spidroins are
stored in a central sac in a highly concentrated form, and on demand, they are
extruded through a tail with subsequent changes in solution conditions, while
molecular alignment and assembly of the spidroins occur.
There is already a general understanding that the dissolved spidroins in the
glands are stored in a condensed and pre-organized form. 19,20 The condensed
phase has a high protein concentration of 25-50%, and microscopy typically
shows the presence of protein droplets that during spinning fuse into fibers.21–
25 The nature of this pre-organized state is still not well-understood, with aspects
of its micellar and liquid crystal properties having been pointed out.15 Similarly,
as the condensed solutions found in the spider's glands, recombinant silk-mimicking proteins have also been shown to form dense droplets in condensed
phases under certain conditions, which is suggested to be driven by hydrophobic
interactions.26–29
1.1.2

Elastin

As the name suggests, elastin is a highly elastic protein found in the connective
tissue of vertebrates.30 Resilience and stretchability of skin, blood vessels and
many other tissues is based on load-bearing properties of elastin. This allows
tissue to dissipate energy under mechanical stresses and resume their original
shapes after contraction or stretching. Elastin is made from the assembly of tropoelastin globules monomers with a molecular weight of 60kDa into a continuous fibrillar network.31 Similar to spidroin, tropoelastin is also made from repetitive amino acid sequence with block-like architecture made from hydrophobic regions (rich in proline, valine, and glycine) with low sequence complexity
and lysine-containing cross-linking regions (rich in alanine and proline), as
shown in Figure 2. 32

3

Figure 2. Schematic illustration of elastin fibril formation. Reproduced from 33 with permission of
Wiley.

It has been found that the assembly of the elastin critically relies on the rapid
increase in the concentration of tropoelastins. This results in an intermediate
self-assemblies through liquid-liquid phase separation and condensation of the
tropoelastin, which is mediated by hydrophobic interactions into coacervated
droplets, both in vivo and in vitro and ultimately by the formation of an interconnected fibrillar network.30–32,34

1.2
1.2.1

Coacervation and formation of natural adhesives
Spider silk adhesive

Orb-weaving spiders can produce another unique silk type, pyriform adhesive.
This unique biological glue is one of the least studied silk type.35 It is made from
fast curing sticky fibrils that are spun and brushed into elaborated patterns that
fasten dragline silk threads to the substrate or connect material between different silk types as an attachment cement (Figure 3). 36,37

4

Figure 3. Schematic illustration of pyriform adhesive protein. Reproduced from
sion of The Royal Society.

37

with permis-

Pyriform is also made from a 3-block architecture spidroin, with a long repetitive region, low complexity, and a bias toward quite similar amino acids that
can be also found in dragline silk spidroins (discussed in section 1.1.1). It is has
also been found that each end of the pyriform protein is also flanked with Nand C-terminal blocks.36 Considering the similarities and differences between
dragline silk and pyriform adhesive similar process condition of phase separation, preassembly, and condensation of the protein inside the gland should be
expected.
1.2.2

Sandcastle worm and mussel adhesive

Phragmatopoma californica commonly known as sandcastle worm is a marine
organism with a soft body and a unique strategy for building their home. Unlike
mussel, they select preferred mineral particles or grains (0.5 mm) from their
surrounding and glue them together with very small quantities of organic-rich
matrix adhesive into a tubular shape that covers their entire bodies.

5

Figure 4. Schematic illustration of Sandcastle worm adhesive formation. Reproduced from
with permission of American Chemical Society (ACS) and Springer Nature.

38,39

Sandcastle adhesive is made of at least three proteins called PC1 (18), PC2
(21) and PC3 (35.5), all of which being made from a highly repetitive block like
amino acids (Figure 4). PC1 is basic in nature (pI 9.4) due to the high proportion
of lysine (LGGYGYGGKK). PC2 is also basic in nature (pI 9.91) with alternating
occurring ALGGYGAGA and HPAVHK. Pc3 is highly acidic in nature (pI 0.51.5), as the serine residues are phosphorylated. Another important post-translational modification is the hydroxylation of tyrosine in PC3 to form dihydroxyphenylalanine (DOPA) that facilitate solidification through di-DOPA cross-link
formation between precursor proteins and improving adhesion to mineral substrates by undergoing rapid oxidative cross-linking. Upon need, oppositely
charged proteins intermix and condense into a phase separated liquid-like coacervate. Coacervation enables the protein to get concentrated into the droplet
with high solid content but low viscosity. This prevents dilution of the protein
in seawater. With greater density and lower surface tension than water, coacervated droplets can sediment, flow and spread on the surface until they cure into
a bicontinuous network of solid adhesive in a matter of seconds.

6

Figure 5. Schematic illustration of Mussel adhesive formation. Reproduced from 44 with permission of Company of Biologists.

Similar strategies also demonstrated in adhesive formation in mussel (Figure
5). It was found that the coacervation step preassembles the protein (Mfp-5 and
Mfp-3) constituents of the adhesives, which in combination with the low surface
energy and cohesiveness results in a very efficient function. 40–43

7

1.3
1.3.1

Coacervation and formation of natural composites
Nacre

Nacre is a fascinating example of a marine biomineral structures illustrating extraordinary mechanical properties. It combines high stiffness and strength
while being lightweight and tough, showing complex hierarchical architecture
at multiple length scales. 45,46 It functions as a protecting exoskeleton by assembling anisotropic stiff and strong tablets of calcium carbonate (0.4-ǋPWKLFN
and 5-ǋPZLGH WKDWDUHJOXHGWRRQHDQRWKHUZLWKIHZnanometre thick continues layer of adhesive and soft energy dissipating organic matrix. 47–49

Figure 6. Schematic illustration of Nacre composite formation. Schematic illustration of Pif80
coacervation reproduced from 50 and the SEM images reproduced from 51 with permission
of American Association for the Advancement of Science and The Royal Society of Chemistry respectively.

There is growing evidence which illustrates that the organic-rich interface
largely governs nucleation and inhibition of the crystal growth in addition to
their substantial importance for both intrinsic and extrinsic toughening in these
materials. In a recent effort to understand the nature of the organic-rich matrix,
Pif80 was found to be involved in biomineralization (Figure 6). 50 Pif80 is made

8

from the amino acid sequence with block-like architecture that consists of a hydrophobic region (rich in isoleucine, leucine, valine, and tyrosine), positively
charged regions (rich in lysine and arginine), and negatively charged regions
(rich in aspartic acid and glutamic acid). It has been demonstrated that the
Pif80 could undergo ion-induced coacervation upon intermixing with calcium
ions and that formation and growth of aragonite platelets on polysaccharide
substrate are crucially dependent on the liquid-liquid phase separation of Pif80.
50 Phase separation of the Pif80 could destabilize the amorphous mineral precursors and ultimately initiates nucleation and growth of the mineralized tablets.
1.3.2

Jumbo Squid beak

Recently studied structure is the jumbo squid beak. 52 It has been found to be
one of the stiffest polymer-based non-mineralized materials today with a gradient of mechanical properties. It is made entirely from stiff and strong chitin network glued together with a soft energy dissipating protein matrix at the interface. It has been also shown that biocomposite jumbo squid beak structure formation critically relies on intermediate condense protein droplets of mainly two
protein families. These proteins can undergo phase separation and coacervates
with a unique set of physio-chemical properties. This facilitates effective infiltration and cross-linking of the chitin network until its finally cured into a stiff
structure 52. One family is called chitin-binding proteins (Figure 7), with an array of either two or three chitin-binding blocks connected with various linker
lengths to physically cross-link which increases the interfacial strength between
chitin networks through noncovalent interaction. The other family is called histidine-rich proteins, with metal coordination which actively contribute to the
mechanisms of the reversible sacrificial bond. With an exceptionally low surface
tension and wetting ability, concentrated adhesive coacervates have a substantial importance for effective infiltration and cross-linking of the chitin network
at colloidal level.

9

Figure 7. Schematic illustration of the Jumbo squid beak composite formation. Reproduced
from 52 with permission of Nature America, Inc.
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2. Aim of the study

The aim of this thesis is to provide novel processing platforms and assembly
strategies of biopolymers toward fabrication of high-performance functional
materials. The core aspect of this thesis is toward finding answers to some of the
fundamental challenges related to the design strategies and processing route of
recombinantly produced silk-like chimeric protein and the importance of the
mechanism of phase separation and colloidal interactions toward coacervation
as an intermediate step in making fiber and adhesives. This work also focuses
on the designing and fabricating of abiomimetic nano-composite, made from
CNF and silk-like chimeric proteins by combining high strength, stiffness, and
toughness.

11

3. Material and Methods

This section will briefly highlight some of the experimental methods used in this
thesis. Details of all the experimental methods can be found at the end of this

thesis for each Publication.

3.1

Genetic engineering of the fusion proteins

The DNA sequences encoding bacterial type three cellulose binding module
(CBM) from Ruminiclostridium thermocellum (UniProt ID: Q06851) 53, twelve
repeats of residues 325-368 from the sequenced fragment of Araneus
diadematus major ampulla gland silk fibroin 3 (UniProt ID: Q16987) called
eADF3 54–56 and DNA sequence encoding residues 9-507 of ADF3 called ADF3
were codon optimized and synthesized by GeneArt gene synthesis (ThermoFisher Scientific) for expression in Escherichia coli.
In addition, DNA sequences encoding engineered recombinant spider silk protein based on the sequence of ADF4 from A. diadematus fibroin (eADF4) 54–56
and eADF3 were codon optimized and synthesized for expression in Pichia
pastoris. All the constructs were made using either conventional piece-by-piece
cloning or seamless golden gate cloning. pEt-28a (+) (kanR) (Novagen) and
pPICZ-Į =HRFLQ  ,QYLWURJHQ were used as protein expression vectors for
expression in Escherichia coli and Pichia pastoris. Sequences were cloned in
frame with the C-terminal 6×His-tag coding sequence to facilitate the purification.

3.2

Preparation of the plant and bacterial CNF

Plant CNF was prepared by disintegration of pulp containing 24 % hemicellulose by passing the pulp suspension six-times (refer to as 6 passes) through a
fluidizer (Microfluidics Corp, Newton, MA, U.S.A.) at 300kWh/t net specific energy with specific edge load of 0.5 J/m and refiner speed of 150, giving a hydrogel with a consistency of approximately 2-3 % w/v in MQ water.
Bacterial cellulose was produced by using an Acetobacter xylinum strain.
Acetobacter xylinum was grown in Schramm and Hestrin medium (H.S) in
which the H.S medium containing (g/l): 20-glucose, 5-yeast extract, 2.7-disodium phosphate and 1.15- citric acid. The pH of the medium was adjusted to 6.0
with acetic acid.
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3.3

Structural characterization at multiscale

In order to characterize structure formation at various length scales, different
techniques were combined, such as light and confocal microscopy, SEM, AFM,
Cryo-TEM, ATR-FTIR, synchrotron WAXS, molecular modelling and MD simulations. Figure 8 illustrates some of the observations made by each method in
this thesis.
Light microscopy was carried out on multiple platforms: (1) an Axio observer
inverted microscope (Carl Zeiss, Germany) equipped with, a motorized stage,
AxioCam MRm camera (Zeiss), and a × 100/numerical aperture. Imaging were
acquired in either bright field or phase contrast mode. (2) Nikon Eclipse Ti
equipped with different objectives (×2x, ×4x, ×10x, ×20x, and 63x), associated
with a ×1.5 magnification device and CCD camera (Andor Zyla Scmos).

Figure 8. Illustrating state-of-the-art instrumentation and techniques used for characterization
of the structures at multiple length scales in this thesis.

Polarized microscopy imaging was done using a Leica DM4500 P LED polarized optical microscope (POM) for the qualitative observation and to study birefringence.
Confocal microscopy was carried out using a Leica DM5000 equipped with a
DD488/561 dichroid beam splitter and a 63x/1.2 water objective.

13

SEM imaging was performed using a Zeiss FE-SEM field emission microscope
with variable pressure, operating at 1–1.5 kV for all the samples.
Cryo-TEM imaging was performed using a JEM-3200Fsc field emission microscope (JEOL) operated at 300ௗkV in a bright-field mode with Omega-Zeroloss energy filter with a 20 eV slit equipped with an ULTRASCAN GA-TAN
4,000 CCD camera and digital micrograph software (GATAN).
A Veeco dimension 5000 AFM instrument was used and images were recorded in tapping mode in the air with scan rates of 0.8–1 Hz with a FAST-SCANB cantilever.
A Unicam Mattson 3000 FTIR spectrometer equipped with PIKE Technologies GladiATR (with diamond crystal plate) was used for recording FTIR. All
spectra were scanned within the range of 400–4000 cm-1, with a total of 32
scans and a resolution of 32 cm-1.
In-situ WAXS experiments were carried out at the μSpot beamline at BESSY
II synchrotron source (Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung, Helmholtz-Zentrum Berlin, Germany) with the energy of 15
keV using a silicon 111 monochromator and beam sizes ranging from 50 to 100
μm.
Models were generated using a combination of ITasser and CHIMERA.
TLEAP in ANTECHAMBER was used to create force field parameters for the
protein (ff14SB), add hydrogens, and solvate the ligand-protein complex with a
rectangular box of transferable intermolecular potential three-point water molecules (TIP3P) 10 Å in all directions. The MD simulation was run with SANDER
module within AMBER 14. Steered molecular dynamic simulation (SMD)
NAMD was used for the SMD.

3.4

Characterization of the LLC droplets

Micropipette aspiration was performed on the LLC droplets (Figure 9) in order
to estimate their surface tension, viscosity and elastic modulus of the LLC droplet. This was carried out by using pipettes, with an in the inner diameter of ~20
ǋPconnected to a piezoelectric pressure controller unit (Elveflow). In addition,
interfacial energy and viscosity of droplets were estimated by in-verse-capillaryvelocity of these function and manipulation of superparamagnetic fluorescent
microparticles entrapped inside the LLC droplets respectively.
Kinetic measurements (FRAP) was performed by labeling Lysine residues using Oregon Green 488 (carboxylic acid, succinimidyl ester, 6-isomer). Series of
LLC droplets varying in size were bleached with a spot ~ 1/3 of their size using
the blue laser at a wavelength of 488nm, using a confocal microscope (Leica
DM5000) equipped with FRAP booster and DD488/561 dichroid beam splitter
at 63x/1.2 with water objective. Intensities collected using Leica AF Lite – TCS
MP5 software, corrected for photobleaching, normalized and processed to estimate the diffusion coefficients.
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Figure 9. Schematic illustration of micropipette aspiration on a LLC droplet at multiple stages.

The rheological behavior of the specimens were tested using a stresscontrolled rheometer (Modular Compact Rheometer, Model MCR 300)
equipped with a serrated plate geometry (diameter 22 mm). Measurements
were carried out at 23 °C.

3.5

Fabrication of fiber

To spin continuous CNF fibers, an experimental setup was built, inspired by
spider major ampullate gland (Figure 10). The apparatus consists of four main
parts; a pump, a sample container with very long extrusion capillary, and a coagulation bath filled with ethanol. A high-pressure pump is used for fine adjustment of the flow and delivery of eluent to a 10 ml sample container with a
funnel-shaped outlet (10 mm in length with the widest region of 5 mm and
shortest region of 1mm) and to flow the suspensions through the capillary connected to the outlet of the sample container. To spin composite CNF-LLC fibers,
a pair of pump and sample containers were used in combination with a micro
static mixing tee connected to long extrusion capillary.
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Figure 10. Schematic illustration of the fiber spinning equipments for fabrication of CNF based
fibers and CNF-LLC composite fibers. Each part indicated by name.

3.6

Tensile and bond shear strength test

Tensile and bond shear strength tests were performed on different platforms:
(1) A 5kN tensile / compression module (Kammrath & Weiss GmbH, Germany)
was used with a 100 N load cell with an elongational speed of 5 μm/second. All
the measurements were carried out in 50% relative humidity, unless otherwise
stated in the text. (2) A specialized in-house setup was used with a
micromechanical testing device with a load cell of 0.5 N and an elongational
speed of 2 μm/second.
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4. Results and Discussion

This section will demonstrate some of the unique properties of phase-separated
chimeric proteins engineered in this study and their robust processing routes
that enabled their use for achieving novel properties and functionalities.

4.1

Phase transition of silk-like chimeric proteins

In publication 1, a recombinantly produced chimeric protein with a 3-block architecture called CBM-eADF3-CBM was constructed. The main part of this chimeric protein was adapted from the load-bearing repetitive major ampullate
spidroin 3 (eADF3) from A. diadematus that was flanked at each terminus with
structurally folded and thermally a stable family three Cellulose-Binding Module (CBM) 53 from the C. thermocellum cellulosome. Naturally occurring N-and
C-terminus linkers of the major ampullate spidroin 1 from E. australis were
used as an interlink between the eADF3 sequence and the CBMs.57 The CBMeADF3-CBM design was inspired by spider silk spidroins and the Jumbo squid
beak protein. 13–15, 37, 52 CBM-eADF3-CBM was distinctly designed to act as a
non-covalent energy dissipating molecular cross-linker for various cellulosic
materials, in which CBMs functions as the molecular adhesive to the cellulose
and eADF3 provides mechanical strength and toughness.
With the knowledge that the mechanisms of colloidal interactions, phase separations, and structural organization are crucial toward the formation of fibrous
structures, adhesives, and nanocomposites in the biological model system, we
set to explore this for CBM-eADF3-CBM. It was observed that depending on solution condition CBM-eADF3-CBM could form at least two distinct states of liquid-liquid phase separation (Figure 11 and 12), one denoted as LLC and the
other as SLC.
It was observed that if CBM-eADF3-CBM underwent solvent exchanged into
pure water, a liquid-liquid phase separation occurred. This happened in a concentration-dependent manner, in which the system separate into two phases: a
dilute transparent solution and a translucent dense phase. Closer inspection of
the dense phase revealed the presence of micron-size spherical or ellipsoidshaped LLCs droplets that coalescence and easily deforme into the fluid thread
under shear forces. The dense phase could remain as a viscous fluid at exceptionally high concentrations, without sol-gel transition. This shows that water is
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a poor solvent and along with the sequence composition of eADF3, it is the main
driving forces for the bulk phase separation.

Figure 11. Schematic illustration of the processing pathways toward phase separation of recombinantly produced 3-block architecture.

eADF3 shows low sequence complexity and biased towards only six amino acids
(A, G, S, Q, Y, and P). Being amphiphilic in nature it is likely that the phase
separation is induced by short-range salt-independent molecular interactions
such as dipole-dipole (between: G, S, and 4 Ⱥ- ȺVWDNLQJ between: Y) and hydrophobic interactions (between: A). Furthermore, the possibility of weak dimerization of inter-terminal CBM blocks cannot be ignored. LLC droplets show
exceptionally low surface tension and relatively low viscosity. This implies that
indeed polymer interactions are the main driving force behind the phase separation without stabilizing interfaces or amphiphilic organization 58. However, if
strong kosmotropes, such as K+ and PO4-3 were added to either dilute or dense
phase, the sample turned turbid and the formation of SLC could be noted. There
are reports of kosmotropic salt that induce phase separation in previous studies,
including squid beak proteins 9,59 mussel adhesive protein 10,11 and recombinantly produced spidroin proteins. 27–29 Addition of kosmotropic salt result in
salting-out (refers to the effect where increasing the ionic strength of a solution
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using kosmotropic salt results in the decrease in the solubility of the proteins)
of the protein and increasing the hydrophobic interactions and hydrogen bonding.
One of the exceptional findings in this thesis is the illustration of a chimeric
protein that can show coacervation at two different solution conditions. However only one was suitable in terms of processing toward fabrication of filament
or fibers, adhesives, and composites presented in this thesis. Concentration induced coacervates showed physio-chemical characteristics and assembly mechanisms that were distinctly different from salt-induced coacervates. LLCs assembly and disassembly was found to be a reversible process occurring in a concentration-dependent manner with an initial nucleation and followed by coalescence and resulting in the growth of LLCs. However, the formation of SLC was
instant, without any intermediate steps and it was an irreversible process. SLC
appeared denser with a more regular spherical shape and considerably smaller
size, and did not show coalescence, deformability nor fluid thread formation
under shear forces. Further quantification of physical properties of LLC and SLC
by measuring the diffusivity of their constituent proteins by FRAP revealed an
order of magnitude higher diffusion rate in the case of LLC. This was in agreement with FTIR measurement illustrating that while LLC remained relatively
unstructured with the presence of only alpha-helix/random coil, but SLC
showed a higher proportion of beta-sheets. This suggests that there is a connection between reduced molecular kinetics and conformational transition.

Figure 12. Salt-free and salt-containing conditions lead to different forms of coacervates. Saltfree conditions lead to LLC that show a reversible-concentration dependency (top panel).
The tube most to the left is tilted to show that the dense phase is in a liquid form. Potassium
phosphate containing solution results in SLC that did not show dissociation during dilution
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(bottom panel). SEM images at high and low magnification for LLC and SLC illustrating internal bicontinuous fibrillar networks and porous bicontinuous structures respectively.

After constructing and testing other variants of the 3-block chimeric protein,
it became obvious that the formation of LLCs is highly dependent on molecular
architecture. For instance, replacing a CBM with a totally unrelated protein such
as SPY_C resulted in a similar liquid-liquid demixing. Proteins with 2-block architecture also showed phase separation, although at much higher critical concentrations. However, 1-block architecture did not show any coacervation. Despite the importance of the overall architecture, much of the intermolecular interactions seem to relate to the hydrophobic repetitive alanine-rich regions in
the eADF3. Hence, it was found that increasing the length of the alanine-rich
region, results in drastic aggregation of the 3-block architecture protein without
undergoing phase separation. However, salt-induced SLC formation was independent of architecture or sequence composition.

4.2

Filament and fiber

Another exceptional finding in this thesis (publication 1), is the illustration of
LLC functioning as an intermediate step toward filament and fiber formation.
Initially, this observation was prompted by finding that upon casting and
stretching a thin film made from a relatively dilute solution of LLC (2% w/v),
the formation of a bundle of filaments bridging the cracks could be observed
(Figure 13). These filaments showed orthogonal orientation in relation to the
propagation of the cracks indicating that filaments formed upon deformation of
self-assembled LLC droplets and that the filaments were not present initially in
the droplets. This phenomenon could be greatly enhanced if concentrations
similar to storage concentration of natural silk in the spider silk gland were used
(20-30% w/v). In the presence of a higher proportion of LLC droplet to dispersed un-associated proteins, filament formation could be observed throughout the entire film. In addition, if individual droplets were allowed to grow into
relatively very large sizes, filaments of lengths exceeding tens of micrometers
could be formed with distinct laterally and longitudinally striping patterns with
a periodicity of 20 nm.
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Figure 13. Cracks in semi-dry LLC droplets led to the formation of bridging filaments. a) High
magnification SEM images from two individual micrometers sized LLCs embedded in a continuous matrix of non-coacervated protein. Upon pulling, bundles of nanometer size filaments bridging the cracks formed orthogonally to the direction of the crack. As an aid to interpretation, the edges of the LLC droplet are marked with a dashed line and yellow arrows
show the direction of crack propagation. b) A thin film cast from an LLC containing solution
with an overall protein concentration of 30% w/v (yellow arrows indicate individual LLC
droplets in the unstrained film). Upon straining the semi-dried film to 100% and 200%, long
ILODPHQWVDSSHDUHGLQWKHILOPLQWKHGLUHFWLRQRIVWUHWFKLQJ VFDOHEDULVȝP F 6(0PL
crograph of two giant LLC droplets with considerable plastic deformation pulled into a single and continuous filament. At high magnification, nanometer size stripes became apparent both along and across the axis of the filaments.

Unexpectedly, further concentrating of the LLC (70-75% w/v) enabled pulling
of a single fiber in the air (Figure 14). LLC fibers were highly elastic in the semihydrated state with the tendency to absorb energy and recovery after cyclic
stretch-relaxation steps while becoming brittle upon drying. SEM, WAXS, and
polarized microscopy indicated partial orientation and stress-induced crystallization only for post-stretched fibers. The filament and fiber formation were only
observed for three block architectures. Neither 2-block nor 1-block showed similar structure formation. Out of two coacervate types, only LLCs could function
as intermediates for filament and fiber formation. Stronger attractive forces induced by high potassium phosphate salt in the SLC lead to a lower energy minimum and ultimately a dead-end for subsequent fiber formation. In contrast to
earlier work, what makes this finding unique is an illustration of pulling fibers
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directly in air from highly concentrated and coacervated silk-like protein solution without the need for strong and toxic denaturating agents or coagulating
solutions.

Figure 14. The dry spinning of 3-block architecture proteins into fibers at ambient temperature,
pressure and using water as the solvent. Rapid formation of fibers by extension of a 10-15
μl aliquot of LLC at 70-75% w/v. Corresponding SEM image of a single pulled fiber at low
and high magnifications. The surface of the fibers shows a regular surface pattern with a
periodicity of 20 nm

4.3

Adhesive

Publication 1 and 2 demonstrated how coacervated 3-block protein architecture
could be used as a water-based strong adhesive for binding various cellulosic
substrates. It was found that highly concentrated solution of CBM-eADF3-CBM
(30% w/v) remains as a highly viscous and sticky fluid. However, it could undergo shear-thinning, a typical characteristic for non-Newtonian fluid such as
natural silk dope. Self-assembled densely packed viscoelastic giant LLC droplets
in such a solution condition showed relatively low surface energy (1-76 PN/m)
and relatively low viscosity (1-74 Pa.s). These values are in the low end of what
is also reported for coacervates of biological adhesive 6,60 and requisite characteristics for infiltration, wetting and spreading of the adhesive on the substrate
surface (discussed in section 1.2.2).
The shear bond strength of coacervated CBM-eADF3-CBM at 30% w/v on various cellulosic material such as nanofibrillated cellulose (bacterial and plant
originated), cotton, normal paper and wood at ambient conditions were tested
(Figure 15). These ranged from 15 to 75 N/cm2, suggesting the influence of the
nano and microstructural features of each cellulosic type. SEM fractography
showed that the LLC adhesive bulk formed a very strong interfacial bond with
all the surfaces.
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Figure 15. The shear Bond strength of the bulk LLC adhesive. a) Representative lap-shear
strength curve for various cellulosic material. Column plot shows the calculated, the mean
and standard deviation of the lap-shear strength (N=5). b) Calculated mean and standard
deviation of the lap-shear strength of bacterial cellulose that was glued by adhesive LLC
solution having different dry mass content. c) SEM micrographs from the surface of
debonded specimens for the corresponding specimens after tensile measurement. d) Illustrating the adhesive strength of the LLC by hanging a 4.5-kilogram weight from two pieces
of glued bacterial cellulose mat.

In another effort, non-bulk adhesives were made from a LLC solution that was
inspired by the spider attachment disk. Orb-weaving spiders tightly secure their
dragline silk to the substrate by using the minimal amount of protein with the
specialized type of sticky fibers called Pyriform (discussed in section 1.2.1). In
publication 1, it was demonstrated that a similar process of mimicking spider
silk staple-pin architecture in pyriform adhesive can be replicate by using selffusing and self-healing properties of the freshly spun fiber (discussed in section
3.2). This was shown when freshly pulled fibers were placed in contact; they
fused together immediately in matter seconds and under cyclic load remaining
bonded, which manifested as an adhesive behavior. Upon drying, the ability of
fibers to fuse dramatically decreased until they stopped fusing. This is indicates
that the proteins are in a dynamic interaction with each other in a semi-hydrated
state with a low barrier towards associating dynamically, analogous to dynamic
interactions of self-healing hydrogels.61
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Figure 16. Pyriform inspired adhesive. a) Adherence of two freshly pulled fibers to each other.
Junctions were strong enough to withstand stretching. b) Electron micrographs showing the
full fusion of two individual fibers placed in contact with each other. The fusing of fibers was
dependent on water content, with dry fibers not fusing. The two original fibers are marked 1
and 2.c) Structural organization of the pyriform attachment disk of an orb-web spider and
corresponding pyriform inspired attachment disk made by stapling CNF fiber to substrate by
sticky LLC fibers. d) The stapling led to the attachment of the cellulose fiber to a PMMA
surface that resisted pulling. The yellow arrow marks a spot on the fiber to determine the
displacement. The load-displacement curve illustrating in-plane adhesion force measured in
a tensiometer showed rupture of individual fibers before the final break-off.

This provided a basis to investigate the possibility of placing a freshly drawn
sticky LLC pulled fiber on another fiber, in this case, stiff CNF based fibers (discussed in section 3.4.1). It was noted that the LLC fibers fuse into the porous
and rough (Figure 16) CNF fiber by forming a highly adhesive junction. To further understand the adhesiveness of LLC fibers, several fibers were placed over
a CNF fiber, as if staple pinning the cellulose fiber with LLC fibers to the underlying substrate making it possible to perform tensile testing and so in-plane
pull-off force could be measured. Force-distance curve showed that fastened
LLC fibers rupture sequentially indicated by bumps until a final rupture. The
pull-off force was 27-35 mN for a fiber fixed with 70 LLC fibers.

4.4

Nano-Composite

A central challenge in biomaterial mimicry is how to minimize stress at interfaces of dissimilar components, to fabricate a material with high strength, stiffness, and most importantly high toughness. Biological composites (discussed in
section 1.3) overcome this problem by: (1) embodiment of anisotropic stiff and
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strong elements in isotropic soft and energy-dissipating matrixes and (2) controlling structure formation at multiple length scales.

Figure 17. Schematic illustration of the fiber spinning geometry inspired by spider gland, which
can be used to achieve a high degree of molecular orientation by hydrodynamic flow alignment.

Publication 3 and 4 are predominant examples of how nanocomposite material could be fabricated in the form of fiber with exceptional mechanical properties. For this, high aspect ratio CNF was used as the stiff element, which was
then effectively infiltrated and cross-linked by adhesive soft energy dissipating
coacervated form of 3-block architecture. An analogy for this inspired came
from the jumbo squid beak (discussed in section 1.3.2).
Fabrication of high-performance nano-composite materials requires a high
degree of anisotropicity, resembling the natural composite materials in which
alignment is of key importance. As the first step, we sought to take inspiration
from the silk spinning ducts of spiders (discussed in section 1.1.1). The spinning
duct is a high-aspect ratio channel which can reach up to several centimeters in
length and several micrometers in diameter (Figure 17).23,62 In a typical spinning
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process high concentrations of protein solution flow from the gland (estimated
spinning rate of 132 cm/min) through the narrow and long spinning duct.
Therein it is important that the silk solution exhibits shear-thinning, 25 which
allows delivery of a highly concentrated dope to-wards the spinneret, using a
negligible amount of force. 63 It is also important that flow in such a geometry
remain as a streamlined with no turbulence. The shear-induced orientation due
to laminar flow in the long spinning duct combined with the liquid crystalline
properties of the spinning dope leads to the alignment of spidroin chains in the
direction of the flow. 64,65. The spinning process of silk inspires towards alignment also more generally for bio-inspired materials to learn about optimized
spinning geometries, as well as to control and balance the spinning parameters.
23,15,66 In a simplistic scheme these orientation inducing flow conditions of the
spider spinning duct can be mimicked to a high degree by a high aspect ratio
tubular geometry under steady flow conditions with an appropriate concentration of a shear-thinning polymer solution or colloidal dispersion.
Publication 3 shows how CNF can be efficiently aligned in the well-dispersed
free-flowing state during the extrusion by shearing relatively low concentration
CNF suspension during extrusion. This resulted in the increase of mechanical
properties by increasing the extrusion capillary length, decreasing its diameter,
and increasing the flow rate. The materials showed a significant combination of
desired mechanical properties, high toughness (~28–31 MJ/m3), stiffness
(~19–20 GPa), and yield strength (~130–150 MPa). In order to demonstrate
obtained mechanical properties correlated with increased alignment, the isotropic film of the same starting material was made and tested. Values for the
corresponding mechanical properties of the film were almost half the values obtained with fibers. Synchrotron WAXS was employed to confirm that the, in fact,
CNFs were aligned in the direction of the fibers axis, whereas the films found to
be completely isotropic. The other reason suggested for the increase in stiffness
and strength without the expense of strain was the generation of fewer defects
due to processing condition. CNF alignment in this work occurs by shear during
the extrusion inside the capillary in a non-aggregated state, which can be expected to reduce the generation of defects in comparison to other means for
aligning CNF based materials. 67–76
In publication 4, CNF and LLC were co-spun into a composite fiber using similar geometry and spinning parameter. One of the exceptional findings was illustrating that the engineered 3-block fusion architecture protein in the coacervated form can dramatically increase interfacial energy between CNF. The resulting material showed superior mechanical properties in comparison to just
CNF fibers (Figure 18). One of the striking differences in the mechanical performance was the slope of the elastic region until the yield point for LLC-CNF,
which is bigger in comparison to only CNF, with the corresponding stiffness of
about 25 GPa (LLC-CNF) versus 14 GPa (Only CNF). This also manifests itself,
as LLC-CNF composite fibers required much higher energy per unit volume
(1.34 MJ/m3) in order to reach to the yield point until it deforms irreversibly
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(small area colored dark gold). Other noticeable differences were that infiltration of the CNF network by LLC droplet results in composite fibers with higher
maximum stress (478 MPa) while maintaining large plastic deformation (7.5 %)
after the yield point (big area colored light gold) with the bigger slope (300
MPa). When all the parameter were combined resulted in composite fibers with
high stiffness and considerable toughness (33.16 MJ/m3). Even though plastic
deformation after the yield point for only CNF fibers was more pronounced (10
%) but lower stiffness (14 GPa), max stress (311 MPa) and smaller slope after
yield point (223 MPa) resulted in lower overall toughness (28 MJ/m3).
Another exceptional finding in the publication 4 was the illustration, that if
none-coacervating fusion architecture were used as the matrix protein, the
material loses plastic deformation (ranging from 5 %-6 %) and max stress (ranging from 238-260 MPa). Most importantly, lower toughness values (ranging
from 9-12 MJ/m3) were achieved. Materials reached to relatively similar stiffness (ranging from 18-22GPa) and slope after yield point (ranging from 231-260
MPa). To elucidate this difference, we performed fractography using high magnification SEM imaging, which illustrates differences in micro- and Nano-structural features among only CNF fiber, a composite fiber made from none-coacervate and coacervate forming constructs after tensile testing. It was observed
that only CNF fibers developed uneven creep with pulled out fibrils. This is a
typical behavior for cellulosic base materials before undergoing catastrophic
failure, in which fibrils start to moves or slide past each other, with simultaneous formation of micron-scale voids that gradually propagate throughout the
system. This illustrates that such materials inherently have a very low intrinsic
toughening mechanism, due to lack of strong interfaces to prevent crack initiation, as the entangled fibrils are only held to each other through intra-hydrogen
bonding at their contact points with the neighboring fibrils. Looking at a region
inside the cracked specimens fabricated from coacervate forming constructs, we
noticed that the formation of micron size voids was greatly hindered. This shows
effective infiltration, spreading and adhesion of the cellulosic network, using a
low surface tension bicontinuous network of coacervates. This resulted in a
tightly packed and dense structure with greater flaw tolerance which manifested
itself in the modulation of the stiffness and strength with two obvious affirmation. First, the pull out of lengths of the fibrils were considerably shorter in comparison to their average lengths. This implies resistance to pull out during the
fracture process, due to greater interfacial strength imposed by interconnected
preassembled LLC matrix. Second, it appears that the stress was highly concentrated near the crack tip and greatly observed by individual CNFs, which fractured initially and then partly pulled out prior to catastrophic failure. Formation
of the void and propagation of the crack could be also partially stopped if nonecoacervate forming matrix proteins were used. The shape of fracture surfaces
revealed partial cross-linking of the CNFs network which also resulted in an increase of the Young’s Modulus. However, micrometer-sized voids were still noticeable and scattered throughout the fractured surfaces. One could strongly argue that the lack of self-assembly at colloidal level results in the formation of the
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stiff and fragile interface. 74,77 Out of all the mechanical properties, the toughness
value was the main striking difference among fibers made from coacervate and
non-coacervate forming matrix proteins. In the composite fibers made from coacervate forming matrix proteins, most of the toughness was achieved by higher
stiffness and significant plastic deformation with a long strain until catastrophic
failure. This is indicative of a soft energy dissipating adhesive matrix which
largely regulates the intrinsic toughening by working primarily against crack initiation ahead of the forming cracks. However, in synergy with increasing bond
strength among stiff CNFs, extrinsic toughening mechanisms were promoted
which resulted in partial displacement and pullouts behind the crack tip.

Figure 18. a) Representative stress-strain curves of CNF-LLC and only CNF fibers. CNF-LLC
(solid line) and only CNF (dashed line). b) Toughness vs. Young´s modulus. Comparison
between values obtained in this study and earlier reported values. LLC-CNF composite fibers
(filled blue circles) and only CNF fibers (filled red circles) produced in this work in comparison
to values obtained from existing literature (empty squares for films, empty and filled circles
for fibers).

To place values obtained in publication 4 into perspective, we plotted toughness
against young’s modulus together with earlier values reported for CNF based
fibers and films (Figure 18). 67–76 Previous work has shown that assemblies of
different forms of CNF can gain high stiffness and strength by procedures that
increase structural alignment. It is noteworthy to mention that, all these CNF
based fiber/film materials reported here lie on a so-called banana-curve (indicated with a grey-curve arrow) which illustrate an inverse correlation between
the decrease in the toughness and increase in stiffness. In all cases, lower strains
were obtained, with no apparent yield point and even in some cases no plastic
deformation. As can be clearly seen, values obtained in the publication 4 outperform other attempts to achieve high toughness. What makes the findings in
publication 4 unique in contrast to previous attempts is the fabrication of the
fibers that combines high stiffness and toughness without the expense of losing
the extensibility, which is desirable for more diverse practical applications.
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5. Conclusion and future perspectives

The need for substitutions of non-renewable synthetic petroleum-based materials with safe and sustainable renewable resources have been very much in the
scope of global political decisions. Researchers are now on the hunt for finding
new and more environmentally friendly alternatives. One solution is to look and
learn from nature. Taking inspiration from natural systems can provide endless
possibilities for design, processing, and fabrication of advanced functional materials that can outperform currently used petroleum based materials.
In natural structural materials, proteins play a critical role, either as a
structural component, template or catalyst for self-assembly of these complex
hierarchical structures. One interesting route is to use recombinant DNA technology and genetic engineering to produce these unique biomacromolecules in
order to fabricate materials for the future that were designed in the past. Current
advances in the field of molecular biology and the availability of large amounts
of genomic data from a variety of model organisms have already provided many
answers to questions about structure and function that baffled scientist for centuries. As a result, biomimetic engineering of bio-inspired materials has never
been closer to reality. In fact, an immense effort has been put forward worldwide
to mimic a wide range of structural materials in vitro. However, lack of information regarding processing conditions in vivo still limits the use of these new
class of material for many practical applications.
Hence, this thesis took on the grand challenge of finding answers to some fundamental issues. In publication 1 and 2, 3-block architecture silk-like fusion
proteins were produced through genetic engineering and recombinant DNA
technology, demonstrated a novel processing route towards functional states
from a biological structural materials perspective. This was approached by exploring how the overall protein architecture and modularity affect liquid-liquid
phase separation and coacervate formation as the functioning intermediate entities towards assemblies of protein-based fiber and adhesive fiber. Using various interdisciplinary state-of-the-art techniques it was shown how these remarkably resemble natural fibril morphology, surface characteristic, and
physio-chemical properties. Future advances could be toward the design of
other types of 3-block architecture, in which the self-assembly of the materials
could be controlled and tune according to the desired application.
Given that many structural biomaterials are composites, various bioinspired
approaches have been taken toward the production of new classes of structural
materials for a wide range of technical applications. Being cost-effective with
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the potential of combining mismatch properties, the natural composite is getting increasingly important. However, the central challenge remains as for how
to minimize mechanical stress at interfaces of mismatch components. This thesis also took on the challenge to develop high-performance composites in the
form of fibers, by combining CNF as a stiff and strong element and genetically
engineered proteins as a cohesive soft energy dissipating interfacial matrix. In
publication 3, CNF was used as a raw material for fabrication of fibers with high
mechanical performance, showing high stiffness and strength while maintaining extensibility. This was carried out by systematically exploring the extrusion
condition during the wet spinning of high aspect ratio CNF. CNF could be highly
aligned under shear forces during extrusion through relatively long and thin capillaries by using optimum dope concentration and high flow rate with fewer or
smaller structural defects, which often occurs in the material, which is strongly
associated with the processing root. In publication 4, highly oriented CNF network (publication 3) were infiltrated and cross-linked using an adhesive, bicontinuous network of densely packed viscoelastic LLC droplet with an exceptionally low interfacial tension, high internal diffusion coefficients and shear-thinning characteristics (publication 1 and 2). This set of extraordinary characteristics enabled efficient penetration, spreading and surface adsorption to the cellulosic substrate. The resulting material showed the substantial importance of
molecular interaction at colloidal level toward fabrication of materials with superior mechanical properties with the potential application and prospective direction for future advances such as improvement of the wet strength of the materials.
As the final remark, the author would like to emphasize that future research
and development of high performance artificial bio-based material needs to be
involved simultaneously the interconnection between design principles, genomic data, reach chemistries and processing conditions that are offered by natural systems. This is the only way to broaden the concept of biomimetics to fabricate next-generation materials that can truly outperform existing materials for
a better future.
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