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Abstract
Biological nanocomposites such as nacre, bone and wood synergistically combine
strength, stiffness and toughness with lightweight structure, whereas most manmade engineering materials with higher densities follow the rule-of-mixtures,
according to which strength and toughness are mutually exclusive properties.
Biomimetic approaches study and mimic nature’s concepts and material structures
with the aim of developing high-performance bioinspired materials. Recent studies
have shown that many of the properties of natural nanocomposites arise from their
hierarchical structures from multiple length scales. Molecular level control and
design are known to be crucial for the performance of the natural materials
especially at the interfaces of the softer matrix and the harder reinforcing elements.
In this work, examples of biopolymer matrices were studied from the mechanical
perspective in order to understand how biological components, such as genetically
engineered proteins and graphene flakes, could be used to design an organic matrix
at the molecular level and to control its macroscopic material properties. The results
indicated that the biopolymer networks can be functionalized non-covalently in
aqueous and mild conditions directly via self-assembly in order to influence the
mechanical properties.
In Publications I and II, genetically engineered fusion proteins, incorporating
hydrophobin - double cellulose binding domain or plain double cellulose binding
domain, were used to tune the nanofibrillar cellulose network under conditions of
controlled humidity.
In Publication III, another genetically engineered fusion protein, chitin binding
domain - aspein, was used to modify nanofibrillated chitin matrix through ionic
interactions and biomimetic mineralization of calcium carbonate.
In Publication IV, multilayered graphene flakes were exfoliated directly into native
nanofibrillated cellulose networks in order to create nanocomposites with improved
mechanical properties.
Non-covalent modification of the colloidal biopolymer matrices is an efficient route
to construct and study multifunctional nanocomposite materials by engineering the
interfaces between the soft and hard phases. Importantly, genetically engineered
proteins could pave the way towards new functional components for biomimetic
structural nanocomposite materials while Nature’s materials continue to provide the
constructing principles and inspiration for the development of biomimetic materials.
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Tiivistelmä
Luonnon nanokomposiittimateriaalit, kuten helmiäissimpukan kuori, luu ja puu,
omaavat synergisiä mekaanisia ominaisuuksia, joissa yhdistyvät jäykkyys, vahvuus
ja sitkeys kevyessä rakenteessa. Suurin osa ihmisen tekemistä synteettisistä
materiaaleista noudattaa ”rule-of-mixtures”-sääntöä, jossa jäykkyys ja sitkeys ovat
toisen pois sulkevia ominaisuuksia. Biomimeettiset lähestymistavat tutkivat ja
pyrkivät jäljittelemään luonnon luomia konsepteja ja materiaalirakenteita tavoitteena
kehittää uusia biomimeettisia ja parempia ominaisuuksia omaavia materiaaleja.
Viime vuosien tutkimukset ovat osoittaneet, että monet toivottavat materiaaliominaisuudet perustuvat useiden eri kokoluokkien yli ulottuviin itsejärjestäytyneisiin
hierarkkisiin rakenteisiin. Molekyylirakennetason suunnittelun ja hallinnan tiedetään
olevan erityisen tärkeää luonnon nanokomposiittimateriaalien rajapinnoilla, joissa
pehmeämpi matriisi yhdistyy jäykempien vahvistavien rakenteiden kanssa.
Tässä työssä tutkittiin, kuinka biopolymeerimatriiseja voidaan suunnitella ja
muokata molekyylitasolla käyttäen hyväksi geneettisesti luotuja proteiineja sekä
grafeiinihiutaleita. Tavoitteena on makroskooppisten mekaanisten ominaisuuksien
molekyylitason hallinta. Tulokset osoittavat, että biopolymeeriverkostoja voidaan
funktionalisoida ei-kovalenttisesti miedoissa vesipohjaisissa ympäristöissä mekaanisiin ominaisuuksiin vaikuttaen.
Julkaisuissa I ja II käytettiin geneettisesti luotuja fuusioproteiineja. Fuusioproteiinit
muodostuivat joko hydrofobiinista yhdistettynä kaksinkertaiseen selluloosasitoutumisdomeeniin tai pelkästä kaksinkertaisesta selluloosasitoutumisdomeenista.
Fuusioproteiineilla muokattiin nanofibrilloituja selluloosan verkostoja eri kosteustiloissa.
Julkaisussa III muokattiin nanofibrilloitua kitiiniverkostoa ei-kovalenttisesti geneettisesti luodun fuusioproteiinin avulla. Kyseinen proteiini sisälsi kitiinisitoutumisdomeenin ja aspeiinin, joka mahdollisti ionisten vuorovaikutusten hyödyntämisen
sekä kalsiumkarbonaatin kiteyttämisen.
Julkaisussa IV kuorittiin monikerroksisia grafeiinihiutaleita suoraan nanofibrilloituun selluloosamatriisin, josta valmistetuilla nanokomposiittimateriaaleilla oli
parannettuja mekaanisia ominaisuuksia.
Ei-kovalenttinen ja kolloidaalinen biopolymeerimatriisien modifiointi on tehokas
menetelmä tutkia ja luoda uusia monitoiminnallisia nanokomposiittimateriaaleja
muokkaamalla pehmeiden ja vahvistavien rakenteiden rajapintoja. Geneettisesti
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muokattuja proteiineja voidaan pitää lupaavina toiminnallisina komponentteina
tulevaisuuden biomimeettisiin ja rakenteellisiin materiaaleihin. Luonnon materiaalit ja
systeemit tulevat jatkossakin toimimaan inspiraation lähteenä sekä tarjoamaan
toimintaperiaatteita uusien biomimeettisten materiaalien luomiseen.
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1. Introduction
Nature has inspired scientists over many decades to develop novel (bio)synthetic
materials via biomimetic approaches to the study of natural systems and materials
[1]. Importantly, the biomimetic studies have revealed many crucial roles that
biopolymers and proteins fulfil in matrices of hierarchically structured biological
materials [1, 2]. One of the main motivations for biomimetics in materials science
has been the urge to find sustainable replacements for environmentally
unsustainable synthetic materials such as many plastics. Thus, efforts to apply
biological building blocks via bioinspired concepts have gained much attention.
The development of bioinspired materials has encountered many problems in
mimicking the structures and functions of natural materials. One major problem
has been utilization of the full potential of biopolymers. Poor success in utilizing
biological molecules may result from approaches that include structural
modifications of the source materials, which are considerably more sensitive to
harsh (chemical) processing conditions than many synthetic materials. There is
still a significant lack of understanding concerning the properties of the biological
building blocks. Many biological materials, such as biopolymers and proteins, are
usually isolated and produced in aqueous environment (their native environment),
which often means that they are poorly soluble in non-polar and organic solvents
causing problems in many conventional processing methods. Therefore, their
direct exploitation in aqueous media is desirable. In addition, industrial
applications prefer aqueous processing media to reduce the amount of waste
streams, the number of processing steps and the overall costs.
Biological materials possess often renewable, non-toxic and sustainable
characteristics, which can be considered essential for future applications. The
exploitation of renewable materials has grown within recent decades into a
promising field, especially for biopolymers such as cellulose [3]. There are number
of reasons to utilize biological materials, one of the most important being their
lightweight character in combination with excellent mechanical properties. Low
density can provide a platform for energy efficiency in e.g. transportation
applications. However, most of the industrially established man-made (biomimetic)
materials are still based mainly on synthetic source materials that are nonrenewable.
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The rise of nanotechnology has furthered the trend in materials science towards
nano and molecular level studies. Nano and molecular level understanding should
ideally allow control of material properties from the smallest length scales up to
macroscopic scales, eventually resulting in material properties that can exceed
even the properties of current man-made synthetic materials, and even Nature’s
materials. On another note, progress in (nano)technological equipment and
methods has only recently allowed scientists to study natural systems at their
lowest structural and hierarchical levels, thus enabling exploitation of Nature’s
construction principles in the smallest scales [4].

1.1

Natural nanocomposites

Scientifically the motivation to use biological components is based on the
structure-property relationships of biological materials that are constructed via selfassembly in mild aqueous conditions [1, 5]. Most of the natural composite
materials are nanocomposites, the definition of which requires that one of the
phases must have at least one (often more) dimension that is less than 100 nm
[6]. The basic idea to construct nanocomposites is to combine two (or more)
structural elements together to take advantage of (both of) the elements and
preferably to generate properties that neither of the elements possess alone [7].
Most of the man-made engineering materials (>98%) fit to a so-called banana
curve, where strength and robustness are mutually exclusive properties [8, 9] and
the materials follow the rule-of-mixtures [10]. In rule-of-mixtures composites the
properties depend on the amount of reinforcing particles. When the amount of
such particles is increased the composite material becomes stiffer, but also more
brittle, which is a common trade-off for composite materials. The ultimately desired
combination of stiffness and toughness is found only in very few types of manmade materials (>2%), whereas many biological materials possess high stiffness
in combination with toughness, thus demonstrating that material structures can
provide a basis for performance that is beyond the rule-of-mixtures composites [8,
11]. Figure 1 displays a material properties chart, in which biological
nanocomposite materials such as bone, enamel and mollusc shell are visualized
in relation to the properties of their building blocks.
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Figure 1. A material properties chart for biological materials, in which toughness is
shown as a function of stiffness. The chart exhibits how biological composite
materials such as bone, enamel, dentin, antler and mollusc shell combine high
toughness (robustness) with high stiffness. The properties arise from hierarchical
structures that have evolved naturally over millions of years. The chart is adapted
from Fratzl et al. [12] with permission from the Centre National de la Recherche
Scientifique (CNRS) and The Royal Society of Chemistry.
Natural nanocomposite materials are based on hierarchical structures, in which
separate building blocks work cohesively over several length scales [1].
Interestingly, weak but relatively tough components are tailored together with stiff
and brittle components to create multifunctional nanocomposite materials with
synergistic properties [1, 12, 13]. The biological nanocomposite materials can be
divided into two classes: mineralized and non-mineralized [14]. The mineralized
materials rely on ceramics for stiffness and compressive strength, whereas the
organic components provide a basis for the toughness [14]. The non-mineralized
materials gain their stiffness and strength from fibrous and often semi-crystalline
biopolymers, while softer polymers and/or proteins function as a “glue” between
the reinforcing fibres [2, 14]. Wood and plant cell walls are examples of nonmineralized biological nanocomposite materials, in which the strength and
stiffness are derived from the semi-crystalline cellulose nanofibres while
hemicellulose and lignin form the continuous soft phase that glues the cellulose
nanofibres together, laying the grounds for the mechanical performance of the
plant cell wall [2, 15]. Obviously the cell wall (and other natural nanocomposite
materials) has several other functions in addition to the mechanical properties,
such as transfer of nutrients and water to the intracellular structures making them
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multifunctional. Mineralized biological nanocomposite materials such as nacre [16]
and bone [17] are prime examples of natural materials that combine minerals with
softer fibrous biopolymers and proteins in order to provide mechanical strength.
Mollusc shells have several levels of hierarchy in their structures, in which the
macroscopic shell itself is constructed from two separate layers: the outer layer is
a prismatic calcite and the inner layer is the nacre [16, 18]. Mother-of-pearl and its
inner nacreous layer is one of the most mimicked natural nanocomposite materials
due to its mechanical properties, which are based on multiple hierarchical
structures and functions [19-22]. Thus, we will explore next the nacreous layer in
more detail in order to elucidate its structure-property relationships.

1.2

Nacre

Nacre represents a near-perfect marriage of brittle but stiff CaCO3 platelets and a
soft but tough organic phase of chitin nanofibres and proteins, which results in a
stiff, tough and strong nanocomposite material [5]. The elastic modulus of nacre is
around 50–70 GPa and the tensile strength circa 130–170 MPa both depending
on the state of hydration [5]. Importantly, the mineralized nanocomposite material
of nacre exhibits over 3000-fold higher toughness than that of mineral platelets,
with only slightly reduced stiffness [5], which is considered to result from extremely
well naturally engineered/evolved interfaces between the soft and reinforcing
phase and hence from their effective interplay [4]. A photograph of natural nacre
and an SEM image of a cross-section of a nacre fracture surface are displayed in
Figures 2a and b, respectively. The mechanical properties of nacre have evoked
much discussion concerning structure-property relationships, especially regarding
the high toughness that is attained with such a small amount of organic phase
(around 5% of the whole mass). The CaCO3 minerals that constitute 95% of the
nacre are expected to carry the load due to the higher stiffness of the reinforcing
platelets in relation to the organic matrix, whereas the toughness is believed to be
based on the cohesive interplay of organic matrix components and the mineral
platelets [4].

1.3

Toughening mechanisms in nacre

Nacre has been shown to possess several different toughening and crack
deflecting mechanisms [5]. The cohesive interactions of the components in the
organic phase and adhesion to the CaCO3 platelets via multifunctional proteins
have been suggested to provide the basis for the controlled crack growth, energy
dissipation and homogenous stress transfer across the mineral platelets in nacre
[4, 23]. The organic framework has been shown to behave viscoelastically under
hydration, mediating the stress transfer among the mineral platelets and thus to
generate toughness while chitin nanofibres provide the structural integrity of the
organic matrix [24, 25]. Hidden length scales and sacrificial bonds have also been
proposed to exist in the organic matrix of nacre and to contribute to its toughness
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[4, 26]. Sacrificial bonds are weak interactions, such as hydrogen bonds and salt
bridges, that can be formed within the structures of a single molecule (e.g.
proteins) or between different molecules [27]. The sacrificial bonds can create
loops within a single or multiple molecule structures, thus providing hidden length
scales [27]. The sacrificial bonds are broken during e.g. tensile tension with some
energy consumption, after which the loops are straightened, consuming
significantly more energy than the breaking of the sacrificial bonds [28]. These
loops are called hidden length scales, because they are concealed within the
structures by the sacrificial bonds. The hidden length scales become effective only
when the material is strained and deformations take place within the structures.
The organic framework is known to be continuous throughout the mineralized
structures of nacre and therefore to be one (if not the main) of the key components
for the high toughness of nacre [29, 30]. In addition to the above-mentioned
toughening mechanisms, mineral bridges (physical connections), nanoasperities
on the CaCO3 platelets and the waviness of the mineral platelets are known to
have major effects on the strength and toughness of the nacre by affecting the
platelet pull-out mechanism with increased friction and mechanical interlocking
[30-35]. Some studies have questioned the relevance of the organic matrix in the
mechanical properties by suggesting that the organic matrix might mainly be a
scaffold for the construction of the hierarchical structures and that the physical
connections (the mineral bridges) could account for the high toughness of nacre
[36]. However, the effect of induced friction from the mechanical interlocking of
platelets is known to be dependent on the “gluing components” of the organic
matrix, which keep the reinforcing blocks in close proximity [27].
Figures 2c and d illustrate the basic idea of combining stiff and strong
reinforcing components with a soft (and tough) phase in natural nanocomposites.
In addition to nacre, many other biological materials such as bone [12] and wood
cell wall [2] are known to derive their toughness from the interplay between the
reinforcing phase and the soft phase through the adhesive model illustrated in
Figures 2c and d. The model suggests that efficient adhesion between the
reinforcing particles (mineral platelets, fibres or mineralized fibres) is mandatory
for the mechanical performance (namely for high toughness), whether it is attained
via the continuous organic phase or through physical connections such as mineral
bridges in nacre. The model serves as an inspiration for the designing of the
biomimetic materials described in this thesis.
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Figure 2. Simplified scheme of the structure of the nacreous layer of mollusc shell.
a) Image of a natural nacre. b) SEM image of a cross-section of natural nacre
showing the brick-and-mortar type of structure. c) Schematic illustration of the
organic matrix (green and orange components) connecting the reinforcing phase
(blue components) in relaxed state. The blue reinforcing particles are drawn as
platelets in this image but (nano)fibres are utilized as reinforcing components in
several natural nanocomposites. d) Illustration of a tensile stress induced
behaviour within the nanocomposite structure. The mechanical behaviour of many
biological nanocomposites (nacre, bone, wood) is based on the interplay between
soft and hard phases, where the hard reinforcing particles need to be properly
connected with cohesive interactions. The reinforcing components can be
connected via the organic matrix (as in bone [12], wood [2] and nacre [5]) and/or
directly like in nacre through mineral bridges [36]. The green particles illustrate the
adhesive connections that transfer the stress directly between reinforcing
components and via the organic matrix (orange and green components). The light
blue spheres represent randomly placed water molecules within the matrix. The
amounts, sizes and shapes of different phases are simplified and not drawn to
scale.

1.4

Non-covalent interfaces

Most biological materials (mineralized and non-mineralized) are based on organic
matrices, which control the materials construction and provide functionalities to the
interfaces between different phases [1]. The realization of the importance of
molecular level control at the interfaces of soft and hard phases has resulted in
attention being directed more and more towards interfaces rather than attempting
to find the ultimate building blocks [37]. The interfaces have been shown to control
many structure-function relationships in many biological materials and thus to
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affect their overall properties [27, 38]. Chemical modification is a conventional
route to engineer material interfaces, although nature uses mostly proteins and
other non-covalent interactions to tailor material interfaces [39]. Thus, noncovalent modification can be considered as an attractive approach. Another
important reason to exploit non-covalent interactions is that they enable
preservation of the original structures of the source materials and hence
presumably their natural properties. However, non-covalent interactions can
provide challenges when systems are crucially dependent on them. One of the
major problems is the weak character of non-covalent binding, which is
susceptible to interference by water molecules or other impurities and it can be
outcompeted completely. Many methods of preventing hydration-induced
softening are based on the introduction of covalent bonds via crosslinking agents,
wherein the domination of weak interactions such as hydrogen bonds, as in the
native NFC matrix, can be overridden with the introduction of stronger bonds.
However, several drawbacks arise from covalent bonds that are superior in
strength to the non-covalent weak interactions. Covalent bonds limit and reduce
the ductility, making materials often more brittle and more susceptible to crack
growth, which is highly undesirable from the mechanical perspective, although
covalent bonds can provide enhancements in the elastic properties by stiffening
the material. To avoid brittleness, reversible non-covalent interactions are sought.
Evolution has overcome the problem of weak interactions by creation of specific
binding domains (among other solutions) that work as adhesives in multifunctional
proteins in natural systems. In addition to the production of biological adhesives,
all biological modification and synthesis is carried out in mild and aqueous
conditions, thus emphasizing the importance of the processing conditions as well
as the nature of the interactions [4]. Consequently, understanding and mimicking
of the interfaces and the synthesizing conditions of biological materials are
considered to be of crucial importance in biomimetics [40].

1.5

Multifunctional proteins in nacre

Interfaces in natural materials are often controlled by weak interactions, which are
mediated mostly by multifunctional proteins in biopolymer networks [41]. The
multifunctionality in proteins is often derived from modular structures [42], in which
different functional motifs can operate simultaneously or separately. Several
studies have revealed some extremely intricate proteins that appear to play a role
at the interfaces of biological materials by completing different tasks [43, 44].
Initially multifunctional proteins may affect many complex self-assembly-based
construction processes and later on the performance of the complete structures
[27, 41]. Aspein is one of the most acidic naturally occurring proteins and it was
first found in pearl oyster [45]. Later, aspein has been connected to CaCO3
biomineralization in the formation of prismatic calcite layer [46], while another
protein called Lustrin A has been shown to take part in CaCO3 mineralization in
the nacreous layer of nacre [42]. Another multifunctional and acidic protein called
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PIF was also found in the nacreous layer of mollusc shell, where at least two
specific binding domains (BD or BM as binding module) were identified among
other presumably functional amino acid motifs [47]. The roles of the binding
domains are not fully understood, but their functions include affinities to specific
substrates. For example, in PIF one of the binding domains is a chitin binding
domain (ChBD) that adheres to chitinous substrates and the other is an aragonite
binding domain, which has an affinity to aragonite crystals [47] (and possibly also
to other forms of calcium carbonate). Moreover, in nacre the multifunctional
proteins (mostly within the other organic framework) are believed to promote
biomineralization by controlling the construction of the material and possibly by
conferring cohesion between the reinforcing minerals (CaCO3) and chitin
nanofibres within the organic framework, hence influencing the mechanical
properties of nacre [13, 42, 48].

1.6

Carbohydrate binding domains

Binding domains are generally found in many different systems in nature, where
they presumably perform several different tasks that are often based on selfassembly [49]. The binding domains have an ability to bind materials noncovalently and thus often reversibly [50]. Recent studies have been able to
visualize the movement of proteins that contain both carbohydrate binding domain
and catalytic domain, which are natively connected in series in many enzymes [51,
52]. The character of binding domains has been studied with several enzymes, in
which the catalytic domains degrade (natively) biopolymers after the binding
domains have brought the multifunctional protein into proximity of the degradable
biopolymer [49, 53]. Importantly, binding domains work in an aqueous
environment and demonstrate an ability to outcompete hydrogen bonding of the
water molecules via the binding domains, making them interesting candidates for
nanotechnological applications, in which hydration and the overall effect of water
can be of great concern. The reason for their ability to outcompete hydrogen
bonding of water molecules may lie in their explicit structures, which allow multiple
site binding onto surfaces [54]. The behaviour of different binding domains is
rather complex and the binding itself is not completely understood, although their
structures are known and some studies have shown that the aromatic amino acids
have a crucial role in the binding function [55]. Figure 3a and b display structural
representations of a cellulose binding domain (CBD) and a chitin binding domain
(ChBD), respectively. Binding domains represent a category of proteins that
perform important tasks, many of them still unknown [50]. However, in this thesis
we will focus exclusively on exploiting the binding function of different
carbohydrate binding domains.
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Figure 3. Schematic presentation of a) cellulose binding domain (CBD), b) chitin
binding domain (ChBD) and c) a class two hydrophobin (HFBI). The molecules are
not drawn to scale. The expected binding sites of the CBD and the ChBD are
highlighted with red, while the hydrophobic site of HFBI is shown with green
colour.

1.7

Class II hydrophobin HFBI

Another interesting protein with a very different set of properties is the class II
hydrophobin HFBI [56]. The molecular structure of HFBI is exhibited in Figure 3c.
HFBI has presumably several tasks in its native environment (like many proteins),
one of them being lowering of the surface tension at air-water interfaces to allow a
certain fungus (Trichoderma reesei) to grow out from water [57]. T. reesei secretes
HFBI molecules into the surrounding aqueous medium, where the molecules selfassemble to the air-water interface due to their amphiphilic character [57]. Recent
studies have also shown that the HFBI multimerizes in aqueous media to form
dimers and tetramers, and also that it self-assembles on different (hydrophobic)
surfaces in aqueous environment, making it an interesting candidate for scientists
to exploit in novel systems [58, 59]. Consequently, naturally occurring proteins
with and without modular structure can possess several different functions making
them promising candidates for future applications but also more difficult to fully
understand.
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1.8

Genetic engineering

Nature provides a wide variety of multifunctional proteins and utilizes them in very
precise and effective ways [13, 44]. In order to exploit functional domains such as
CBD, ChBD and HFBI, the means to tailor them are needed. Genetic engineering
allows the design and development of novel proteins with tailored structures and
functionalities [44]. Hence, different protein domains that are found in nature can
be genetically tailored together to add more complexity into a single recombinant
protein with multi-domain structure. Genetic engineering provides scientists with
extensive possibilities to design recombinant proteins. However, large scale
production can generate bottleneck especially for industrial applications.

1.9

Carbohydrate biopolymers

Proteins control interfaces and consequently they form the structural and
functional basis for many natural materials together with biopolymers and other
reinforcing components [44]. Carbohydrate biopolymers are another interesting
class of renewable and sustainable materials, of which the most abundant
biopolymers are cellulose and chitin. Both of them have attracted wide attention
due to their excellent mechanical properties in combination with their low density
[3, 60].

1.10 Nanofibrillated cellulose
Cellulose is a semi crystalline homopolymer that is constructed from repeating
units of -(1-4)-D-glucopyranose [3]. The glucose molecules pack together to form
cellulose nanofibres that contain both crystalline and amorphous regions [3].
Crystalline regions refer to ordered regions and amorphous regions to disordered
non-crystalline regions. The cellulose nanofibres are glued together with lignin and
hemicellulose to form macro sized cellulose fibres [3]. Cellulose is found in
different polymorphs in nature, where cellulose-I and -I are the most commonly
appearing forms. Cellulose can be found in e.g. wood and plant cell walls, where
the stiff and strong cellulose fibres function as the reinforcing molecules providing
the cell wall with its structural integrity and mechanical properties [2].
The rise of nanotechnology generated a need for more homogenous and
smaller sized cellulose (nano)fibres, which led to the development of a new set of
methods that resulted in production and isolation of nanofibrillated cellulose (NFC,
nanocellulose; CNF, cellulose nanofibres or MFC, microfibrillated cellulose) in
aqueous dispersion, in which lignin is removed and the cellulose nanofibres are
separated from each other (to some extent) [61-63]. NFC nanofibres are typically
5-20 nm in width and several micrometres in length, and thus they have a
relatively high aspect ratio and surface area [3]. Importantly, they are known to
have an elastic modulus of around 140 GPa and are expected to have a tensile
strength within a few GPa [64-66], although the reported absolute values vary and

23

depend on the study and the measurement method. The long NFC nanofibres
form natively a percolating network in aqueous environment, which makes them
an attractive source material especially for structural purposes for biomimetic
materials and nanocomposites [3].

1.11 Nanofibrillated chitin
Chitin is a close relative to cellulose. Yet, it has received less attention, partly
because of its lower mechanical properties in comparison to cellulose [67]. Chitin
is also a semi-crystalline biopolymer and an analogue to cellulose, being a poly ( (1,4)-N-acetyl-D-glucosamine that exists in different polymorphic forms [68]. Chitin is the most abundantly occurring polymorph of chitin [69] and is found e.g.
in the shells of crabs and prawns [70], whereas -chitin is found in nacre [43].
Methods have been developed to disintegrate chitin nanofibres from many
biological sources to provide more suitable sized biopolymer fibres for
(nano)technological applications with high aspect ratio and surface area [67, 71].
The preparation of chitin nanofibres often causes some deacetylation [72].
Depending on the amount of deacetylation chitin can be called chitosan, which is
the N-deacetylated derivative of chitin [72]. The elastic modulus of chitin
nanofibres has been measured to be within the range of 40-60 GPa depending on
the method and study [73, 74], whereas the tensile strength of chitin is still
unknown. Figure 4 exhibits cryo-transmission electron microscopy (cryo-TEM)
images of vitrified aqueous dispersions of nanofibrillated cellulose (a) and
nanofibrillated chitin (b).

Figure 4. Cryo-TEM micrographs from vitrified aqueous dispersions of unmodified
native a) NFC and b) chitin nanofibres. Both of the biopolymers can be dispersed
into aqueous media, although they can also aggregate as can be seen
(qualitatively) in the images. In general, the native NFC nanofibres are more
dispersable in aqueous media than the chitin nanofibres.
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1.12 Fibrous biopolymer matrices
Chitin and cellulose have many notable properties in addition to their mechanical
properties, but this thesis focuses solely on exploiting their role as structural matrix
components in biomimetic nanocomposite materials. The role of the biopolymer
may be in reinforcing or in the soft phase of a natural composite material. In
addition to the high mechanical properties of biopolymer nanofibres, flaw tolerance
has been suggested to be significantly higher for nanoscale building blocks, which
can be considered as a huge advantage for many applications [38]. Chitin and
cellulose are part of hierarchical structures in biological nanocomposite materials,
in which all components probably have an important role in mechanical properties
as well as in other functions [1]. For example, NFC is known to be the reinforcing
part of wood and plant cell walls [15], whereas the chitin nanofibres work with
proteins in the stress transfer and energy-dissipating matrix of the shells of
crustaceans and bivalves, where the mineral platelets form the stiff reinforcing
phase [1, 16]. This categorization is far from universal, but these two examples
demonstrate Nature’s versatility in utilizing two biopolymers that differ only slightly
in structure for very different tasks. The nature and behaviour of these fibrous
biopolymers is not yet fully understood, which makes their effective exploitation
difficult.
In this work the fibrous biopolymers often dominate the behaviour of the
materials since they function as the major component that is modified by additional
molecules. When the excess amount of water or solvent is extracted from fibrous
semi-crystalline biopolymer dispersion the entangled nanofibres are jammed in a
state that resembles colloidal glasses [75]. Rubber elasticity theory has been used
for the designing of biopolymers in the past, but it does not fit the long entangled
fibrous materials, which are unable to relax under tension due to the
entanglements, and thus the interpretation of mechanical behaviour deviates for
the biopolymers [76]. The long entangled biopolymers are visualized schematically
in Figure 5. In addition to the length and amorphous regions of the long
nanofibres, chitin and cellulose have several hydroxyl groups on their surface,
which makes them sensitive to the surrounding moisture. Importantly, the role of
water in applications can rarely be completely excluded making it one of the main
parameters to be followed, because it can significantly affect nanocomposite
properties [77, 78]. Water is visualized as randomly placed light blue spheres in
Figure 5. Consequently, the water and the inter-fibre interactions provide a basis
for the percolating biopolymer matrices.
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Figure 5. Cellulose nanofibres. a) Cellulose backbone structure and schematic
illustration of how cellobiose building blocks assemble to form cellulose
nanofibres. b) Schematic illustration of long biopolymer nanofibres consisting of
crystalline and amorphous regions. The nanofibres entangle in aqueous
environment due their nature, aspect ratio and the hydroxyl groups. The
amorphous regions provide freedom for the long biopolymers to bend and
entangle.

1.13 Biopolymer based applications
Much work has been carried out in recent years to develop NFC- and chitin-based
biomimetic hybrid and nanocomposite materials [60, 64], although chitin has been
less utilized mainly due to its poorer mechanical properties in comparison to NFC
[79]. However, chitin has many other properties that make it an attractive source
material for a wide range of applications, e.g. for biomedical applications such as
wound dressing [60]. Many recent nanocellulose-based biomimetic studies handle
TEMPO-oxidized NFC, in which the NFC has been chemically modified to
generate charges on the NFC nanofibre surfaces [80, 81]. A similar possibility
exists with chitin, in which the charged deacetylated form of chitin, chitosan, has
been applied more often in various applications than the native chitin nanofibres
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[79]. The charged forms of NFC and chitin are often used because of the
enhanced dispersity of the nanofibres, which is known to be crucial for reliable
sample preparation and improved properties. However, other factors are known to
affect the dispersity and stability of NFC nanofibres such as the hemicellulose
content, which can comprise over 25% of the total biopolymer mass depending on
the source and processing history of the NFC [82]. Some fundamental studies on
NFC nanopapers have been carried out to investigate the effect of the degree of
polymerization (DP) [83], porosity [84] and the orientation of the nanofibres by cold
drawing [85]. In these experiments, the longer chains exhibit somewhat higher
strength and toughness, while the orientation has a more complex effect,
enhancing the elastic modulus at the cost of reduced strain-to-failure and
toughness [83, 85]. Many of fundamental studies can be considered highly useful
for the future designing of NFC-based materials, even though they may not always
result in improved material properties. Biomimetics has also led to various
combinations of cellulose and clay platelets with relatively high mechanical, fire
shielding and gas barrier properties [86-88]. In general, the NFC nanocomposite
field has been highly active with promising results [3, 64]. Nevertheless, the
studies are often focused on developing the elastic properties and the ultimate
tensile strength of the materials, whereas only a few studies have explored new
ways to improve the energy dissipation and crack growth control during the plastic
deformation and thus to enhance the toughness [89-91].
The studies discussed above did not include proteins in structural biopolymerbased materials, which represent a rather new field in structural nanocomposites
materials. However, novel biosynthetic nanocomposites with genetically
engineered proteins have been developed. A significant precursor for the work
carried out in this thesis treated NFC nanofibres, fusion proteins and graphene
flakes in order to develop a nacre mimetic material [92]. The work was preceded
by a study, in which the recombinant protein was developed via genetic
engineering by connecting cellulose binding domains with hydrophobin [93]. The
bifunctional protein had two CBDs in tandem (double cellulose binding domain,
DCBD) to enhance the binding affinity on cellulosic materials in comparison to a
single CBD [94]. The fusion protein was first utilized in exfoliation of graphene [95]
before the nacre mimetic composite was developed. Laaksonen et al. used the
HFBI domain to self-assemble on graphene flakes [92] as they are highly
hydrophobic and do not disperse in aqueous media without chemical modification
or surfactants. The protein functioned as a molecular glue binding the reinforcing
and extremely stiff graphene flakes together with the strong and flexible NFC
nanofibres that provided the continuous organic framework for the nanocomposite
together with the fusion protein [92]. Although NFC is known to possess a
remarkable combination of stiffness and lightweight character as discussed above,
its role in the study was to act as the continuous and energydissipating/transferring matrix while graphene flakes would carry the load. The
results demonstrated nacre-like properties, where stiffness did not reach the level
of natural nacre but the nacre-mimetic nanocomposite displayed significantly
higher toughness and relatively high ultimate tensile strength [92]. The work
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demonstrated how the model of soft gluing matrix [96] can be utilized to design
biomimetic nanocomposites through molecular engineering using sustainable
source materials and non-covalent interactions.
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2. Aims of this work
This work focused on understanding and designing biomimetic nanocomposite
materials from biopolymer matrices. The nanocomposite materials were studied by
experimental methods. The essential question for all the studies was to ascertain
what can be learned from biopolymer matrices through macroscopic (mechanical)
properties via molecular and nano-level engineering and designing. In this thesis
the development of the material structures was based on non-covalent and
biological interactions and thus on self-assembly. The nanocomposite materials
were constructed in mild and aqueous conditions, thus bringing the constructing
principles closer to nature’s own design principles. Genetically engineered
proteins were designed on the molecular level, and both functional and nonfunctional parts were tailored, depending on the study, in order to modify the
interactions within the nanocomposites.
Many structure-property relationships and construction principles of natural
materials remain unresolved to date. Thus, the understanding of biopolymer
matrices as structural and functional matrices will aid the designing and
construction of novel multifunctional materials. This work aimed ultimately to
create new multifunctional nanocomposite materials using bioinspired approaches,
although an efficient exploitation of novel multifunctional molecules (such as
recombinant proteins) requires solid understanding of their behaviour in native and
non-native environments. In this work the (once) dried biopolymer (nanofibre)
matrices were non-native environment for proteins, although all the material
preparations were performed for never-dried native biopolymers. The studies
mainly handled fundamental questions and tried to explain structure-property
relationships through molecular architecture and macroscopic material properties,
with tensile mechanical measurements as the main method of study.
The results of this thesis are based on four publications. Publications I, II and III
focused on biosynthetic genetically engineered proteins and their interactions
within the biopolymer matrices. Publication IV examined physically exfoliated
graphene multilayers and their non-covalent interactions with the NFC matrix.
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3. Materials and methods
3.1

Nanofibrillated cellulose

NFC (1.90–1.64% of solid contents depending on the batch) was processed by
mechanical disintegration of bleached birch Kraft pulp by ten passes through an
M7115 Fluidizer (Micro fluidics Corp.), essentially according to previous reports
[97], before utilization in Publications I, II and IV. The NFC nanofibres were 5–20
nm in width and several micrometres in length. Bacterial cellulose (Nata de Coco,
-1
solid content 2.55 gl ) was used for the binding studies in Publication II together
with nanofibrillated cellulose, as bacterial cellulose was easier to separate from
the dispersion in the binding assay.

3.2

DCBD-HFBI (Publication I)

The bifunctional fusion protein, DCBD-HFBI, consisted of a hydrophobin part,
which was connected to two different CBDs. The hydrophobin, HFBI, was from
Trichoderma reesei [56] and the two CBDs were from enzymes Cel7A (previously
CBHI) [98] and Cel6A (previously CBHII) [99] both from T. reesei. Polypeptide
linkers were used to connect the domains together as reported previously [93].
The abbreviation DCBD-HFBI is used for the fusion protein, although it is
structurally almost the same as the HFBI-DCBD-24mer used in Publication II. The
proteins were purified using aqueous two phase extraction and reverse-phase
high-performance liquid chromatography (RP-HPLC) as described in Linder et al.
[100] followed by lyophilisation.

3.3

HFBI-DCBD-12-mer, -24-mer, -48-mer (Publication II)

Three fusion proteins were produced in T. reesei (Publication II), which are
referred to here as HFBI-DCBD-12-mer, -24-mer and -48-mer (see Figure 11).
The proteins are structurally identical with the exception of the length of the
polypeptide linker in between the two CBDs. The HFBI-DCBD-12-mer had 12,
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HFBI-DCBD-24-mer 24 and HFBI-DCBD-48-mer 48 amino acids in the DCBDlinker. The proteins were purified using aqueous two phase extraction and
reverse-phase high-performance liquid chromatography (RP-HPLC) as described
in Linder et al. [100] followed by lyophilisation.

3.4

DCBD-12-mer, -24-mer and -48-mer (Publication II)

The HFBI-DCBD-12-mer, -24-mer and -48-mer fusion proteins were digested with
sequencing grade modified trypsin (Promega) in 25mM Tris-HCl 150mM NaCl
buffer for 2 hours in room temperature. The trypsin cleavage was followed by
reverse-phase ultra-performance liquid chromatography (RP-UPLC). The proteins
were purified using aqueous two phase extraction and reverse-phase highperformance liquid chromatography (RP-HPLC) followed by lyophilisation.

3.5

ChBD-aspein (Publication III)

The bifunctional protein ChBD-aspein was engineered by utilizing a ChBD from a
bacterial chitinase enzyme [101] and an aspein fragment from pearl oyster
Pinctada fucata [102] (Publication III). Fractions containing the protein were
pooled and further purified with reverse-phase high-performance liquid
chromatography (RC-HPLC) and subsequently lyophilized.

3.6

Chitin production and isolation

Fresh frozen lobsters were obtained from a market in Stockholm city (CoopExtra,
Sweden) as the starting material to isolate and produce chitin nanofibres. Tissues
and salts were removed from the lobsters by washing them with water. The
exoskeleton shells were freeze dried and crushed to a powder, which was
demineralized in 2 M HCl for 2 hours. To remove pigments the demineralized
powder was soaked in 96% ethanol overnight and subsequently in 20% NaOH for
2 weeks. A kitchen blender (VM0105E, USA) was used to disperse the colloidal
nanofibre suspension at pH 3 in the presence of acetic acid and thereafter the
suspension was homogenized by passing 10 times through the microfluidizer
(Microfluidics, USA). The chitin nanofibre production process resulted in minor
deacetylation of the chitin nanofibres, which was 5-13% depending on the
measuring method [103].

3.7

Multi- and monolayered graphene (Publication IV)

Multi- and monolayer graphene flakes were directly exfoliated from Powder of Kish
graphite (Natural Kish Graphite (Grade 50), Graphene Supermarket, U.S.A.) using
a tip sonicator (Vibra-Cell VCX 750, 2 mm stepped microtip, Sonics and Materials
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Inc., U.S.A.). The amount of sonication energy was monitored during graphene
exfoliation, and 60% of the full output power was used for the tip amplitude.
Graphite granules were dispersed into an NFC solution (2.0 gl-1) with relatively
high concentration of graphene flakes (usually around 50 wt% in relation to the
NFC), from which smaller amounts of graphene flakes within a NFC dispersion
were dosed in aqueous NFC dispersions for further sonication and dilution. The
amount of graphene refers to a range of flakes that may contain multi- or
monolayers of graphene.

3.8

Biomimetic mineralization of CaCO3 of chitin films with
and without ChBD-aspein

Mineral precursors CaCl2 (0.5 M) and Na2CO3 (99.5%) were obtained from Sigma
Aldrich and utilized without purification. The mineralization of CaCO3 was
performed in a glass beaker at room temperature with aqueous solutions of 0.05
M CaCl2 and 0.05 M Na2CO3. Chitin nanofibres were diluted in water with and
without ChBD-aspein proteins and the pH of the solution was adjusted to pH 8
using 0.1 M NaOH. CaCl2 and Na2CO3 solutions were added into the nanofibre
dispersions simultaneously and slowly by two syringe pumps with an even 40 ml/h
flow. The solution of protein and salts was mixed with a magnetic stirrer during
mineralization.

3.9

Film formation and stabilization

All of the freestanding films in Publications I, II, III and IV were prepared using the
same basic method with slight differences in the sonication energy depending on
e.g. sample viscosity or volume. All the suspensions and diluted dispersions were
less than 3.5 mL in volume, because the high viscosity of fibrous biopolymers
leads to an inefficient sonication of larger sample volumes. Sample dispersions
were sonicated with a tip sonicator (Vibra-Cell VCX 750, Sonics & Materials Inc.)
to enhance the dispersity of the biopolymers and in the case of graphite to
exfoliate graphene flakes from graphite (see the section Multi- and monolayered
graphene). The used amplitude of the sonicator tip was 40–60% of the full output
power depending on the study. Vacuum filtration was used to create the
freestanding films from sample dispersions containing NFC, chitin, proteins, ions,
mineral crystals and/or graphene multilayers. The dispersions were filtered
through Durapore membranes (GVWP, 0.22 m, Millipore, U.S.A.), and an O-ring
was used to define the diameter of the samples. After filtration of the films gentle
pressure was applied using a 300 g load for 10 min to prevent wrinkling of the
freestanding films. Films were dried overnight at +65 °C. After oven drying, the
samples were stabilized in humidity controlled rooms or desiccators prior to further
measurements.
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3.10 Humidity control
Samples were conditioned in humidity controlled rooms prior to measurements,
which were carried out at 25%RH or higher relative humidities. In the case of
measurements in lower humidities than 25%RH, samples were taken directly from
the oven into a humidity controlled box or desiccator where the measurement was
carried out, and the samples were allowed to stabilize before measurement. The
microtensile tests at 85%, and 50% RH were conducted in a humidity controlled
desiccator, which was monitored with a hygrometer Testo 608-H1. The relative
humidity of the desiccator or box was achieved by laboratory-made systems of
flowing air. In the case of high humidity the air was humidified by running it
through an aqueous medium. The relative humidity control was achieved by
varying the pressure delivered to the desiccator or the measurement box. In
Publication IV the mechanical testing was made in ambient conditions. Humidity
was checked afterwards to have been around 50-60%RH. At the time when the
mechanical tensile measurements for Publication IV were performed there was no
humidity controlled chamber available and therefore the measurements were
made in ambient conditions.

3.11 Mechanical tensile testing
In order to understand biopolymers as a matrix material in hybrids and
nanocomposites, a short description is provided here of basic mechanical tensile
testing with tensile properties, which is one of the main measurement methods
used in this thesis to study molecular structure and structure-function
relationships. A common way to study the structure-function relationships of a
composite is to perform tensile measurements, in which a uniaxial force is applied
to the sample. Figure 6 displays an example stress-strain curve for an unmodified
NFC nanopaper, measured while the force is being increased linearly.
Furthermore, the basic and commonly studied mechanical properties are attached
to the tensile curve, which consists of elastic and plastic regions. Young´s
modulus or elastic modulus is generally noted as the stiffness. It can be calculated
from the (steep) slope at the beginning of the stress-strain curve, which usually
appears in the range of 0–2% of relative strain depending on the material.
Young´s modulus represents the ability of the material to resist the applied force
without irreversible structural deformations and is thus an important value when
analysing material properties. Yield strength defines the yield point, which is the
non-linear part of the tensile curve at the end of the elastic region and represents
the stress value that the material can bear before structures start to deform
irreversibly. Beyond the yield point materials deform plastically, although some of
the deformation may be reversible, giving the material an elastic element in the
plastic region. During plastic deformation a material can show strain hardening (a
concave curve as in Figure 6), strain softening (convex curve not shown in Figure
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6) or constant stress (plastic flow, which would result in a straight line, also not
shown in Figure 6). Strain hardening is a typical phenomenon for biopolymers that
occurs during plastic deformation from a flow stress, which increases due to the
inability of the long polymer chains to orient and relax over large strains because
of the entanglements of the polymer chains [104]. Ultimate tensile strength is
another important parameter that is also recognized as the maximum stress that
the material can absorb before a crack occurs causing catastrophic crack
propagation or necking, eventually leading to breaking of the material.
Consequently, strain-to-failure is the maximum elongation (usually displayed as a
relative value (%) in relation to the original length of the sample) that the material
is able to undergo before breaking. Strain-to-failure may not be found at the
maximum stress if the material shows strain softening (in this thesis strain-tofailure is always found at the point of ultimate tensile stress due to the material
behaviour). The area under the stress-strain curve is a measure of toughness (or
work-to-fracture), which is an important measure describing the materials ability to
dissipate energy under tensile stress. Spider silk is one of the most studied
biological materials for its extraordinary toughness and strength [105-108].

Figure 6. Schematic visualization of the mechanical properties of a tensile stressstrain curve from a biopolymer-based film.
Three different microtensile testers were used in Publication I, II, III and IV, in
which the gauge length was set to 10 mm for all the samples in all the measuring
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equipment. At least 4 specimens were measured from each sample throughout
the studies. Specimen sizes were 2.0 cm x 2.0 mm x 4–15 µm, length, width and
thickness, respectively, depending on the sample. Sample thicknesses were
measured in Publications I and IV with SEM and in Publications II and III with a
linear gauge (LGF-01100L-B transmission-type photoelectric linear encoder with
EF-12PRH counter, Mitutoyo). At least 6 measurements from each sample were
acquired in order to calculate an average value for thickness. The widths of the
samples were measured with a digital sliding gauge (Digimatic, Mitutoyo) in all the
studies.
Details of the microtensile device used in Publication I can be found in Burgert
et al. [109]. The high precision linear stage was an Owis Limes 60 featuring a 2phase step motor and the controller was a PI micos Pollux type 1. Tensile tests in
Publication I were performed using a 50N load cell with a nominal strain rate of 8
-1
µm*sec . In Publications II and III the tensile testing was performed on a 5kN
Tensile/compression module (Kammrath & Weiss GmbH, Germany) using a 100N
load cell with a nominal strain rate of 8.35 m/sec (0.5 mm/min). A mini tensile
tester (Deben, UK) was used to perform mechanical tests for samples in
Publication IV, in which a 20 N load cell was used with a nominal strain rate of
8.35 m/sec (0.5 mm/min).

3.12 Electron microscopy
3.12.1

Cryo-TEM

High resolution transmission electron microscopy imaging was performed using
JEOLS JEM-3200FSC Cryo- Transmission Electron Microscope operating at the
temperature of liquid nitrogen. The cryo-TEM microscope was operated at 300 kV
in bright field mode with an Omega-type Zero-loss energy filter. Ultrascan 4000
CCD camera (Gatan) was used to acquire images of the samples, which were
maintained at -187°C. 3 µl aliquots of sample dispersions were vitrified on c-flat
grids under 100% humidity with FEI Vitrobot. Specimens were blotted for 0.5–1.5 s
with a filter paper and subsequently vitrified in a mixture of liquid ethane and
propane (-180°C).
3.12.2

SEM (-EDX)

JEOLS JSM7500FA field emission scanning electron microscope (Japan) was
carried out to image the cross-sections of the films. Acceleration voltages of 1 15
kV were applied depending on the sample. A thin layer of Pd, Au-Pd or PT was
sputtered on top of the films (Emitech K950X/K350, Quorum Technologies Ltd.,
Kent, UK) to enhance imaging conditions and to prevent the charging of a sample.
Films were aligned perpendicular to the electron beam. JSM-7500FA is also
equipped with a JEOL energy-dispersive X-ray (EDX) analyser. The spectra were
taken over 2 min using 15 keV electron energy to analyse the composition of
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samples (Publication III). In Publication I the thickness of the films were measured
with a scanning electron microscope FEI Quanta 200F (USA), in both low and high
vacuum conditions.
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4. Results and discussion
In this work two different types of carbohydrate binding domains were utilized:
cellulose binding domains (CBD) and chitin binding domains (ChBD). The two
binding domains are schematically demonstrated in Figures 7 and 3. Generally,
the binding domains adhere to nanofibre surfaces, providing the opportunity to
design other functionalities within the same protein and hence to functionalize the
nanofibres non-covalently without alteration of the original structures. The
approach seems facile as genetic engineering provides a vast number of naturally
occurring functionalities that can be tailored together with binding domains. The
fundamentals of the binding function of the binding domains were not studied
further in this work, but merely utilized based on previous studies, in which their
binding has been shown to be functional in aqueous media. Thus, the binding
domains were evaluated qualitatively to confirm that their natural functions were
preserved after genetic engineering (Publications I, II and III). Nevertheless, the
binding function of differently constructed DCBDs was studied further in
Publication II with the differently constructed DCBDs.

Figure 7. Schematic illustration of different non-covalently interacting molecules
within native nanofibre matrices (NFC and chitin). Functionalization and
modification of aqueous nanofibre networks were studied here through genetically
engineered proteins and physically exfoliated multilayered graphene flakes. The
yellow molecules represent cellulose binding domains (CBDs) that are tailored in
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tandem to form double cellulose binding domains (DCBDs), in which the CBDs are
connected together with different sized non-functional peptide linkers.
Furthermore, the DCBD linkers are colour coded based on their length, so that the
smallest linker is red (12 amino acids), the medium sized linker is green (24 amino
acids) and the longest linker is drawn in blue (48 amino acids). A class II
hydrophobin (HFBI) is marked with purple colour and connected to CBDs via
another non-functional linker that is coloured grey, having a constant length in all
of the fusion proteins containing HFBI. Chitin binding domains (ChBDs) are similar
in functions to the CBDs with the exception that they adhere to chitin (nanofibres).
The ChBDs are drawn as grey coloured domains on the nanofibre surfaces.
Aspein domains are attached to the ChBDs and drawn as red peptide chains. The
aspein chains are expected to be sticking out from the nanofibre surface due to
their charged carboxylic groups (at pH 8) that repel each other. Graphene monoand multilayers are drawn as translucent grey planes on the right side of the
image between the nanofibres. In addition to the modifying molecules, water
molecules are depicted with randomly placed light blue spheres, because the
water has a role within the engineered biopolymer matrices. The sizes of the
molecules are not drawn to scale but for illustration purposes with indicative
measures.
In publications I and II, fusion proteins constructed from double cellulose binding
domains (DCBDs) and a class II hydrophobin (HFBI) were studied. The
mechanical properties of NFC matrix were tailored by biomolecular crosslinking in
Publications I and II, in which the DCBD were designed to work as sacrificial
binding units in order to enhance and modify the tensile properties of the
nanocomposites. In Publication III, the ChBD was engineered in series with a
totally different functional domain - an aspein domain, which becomes highly
negatively charged at pH 8 due to its aspartate residues. Studies on aspein have
shown it to possess interesting functions in ionic interactions and calcium
carbonate biomineralization [102]. It is important to note that the HFBI, CBDs and
ChBD all have rigid and well-known structures, whereas the aspein structure is
loose and less well understood. Publication III investigates the utilization of ionic
interactions as sacrificial bonds to enhance the mechanical properties of
nanocomposite materials based on native chitin nanofibres. In addition to the ionic
interplay, a conceptual opening was established in biomimetic calcium carbonate
mineralization to develop truly nacre mimetic materials via the ChBD-aspein fusion
protein (Publication III). Biomimetic mineralization is known to be a highly complex
process; therefore the work in Publication III does not provide a comprehensive
study of the mineralization of CaCO3 (within a dynamic chitin nanofibre matrix) but
suggests a novel route to construct nacre mimetic materials via genetically
engineered protein within native chitin nanofibre matrix. Publication IV used a
different approach in comparison to the other studies by performing a direct
exfoliation of multilayered (and monolayered) graphene into aqueous NFC
nanofibre matrix via self-assembly. Graphene is one of the “new nanomolecules”
that has been named already as a miracle material and proposed to be a solution
for many applications due to its properties [110]. The work is based on the
surprising finding that NFC nanofibres are able to stabilize multi- and monolayers
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of graphene non-covalently in aqueous dispersion without any other assisting
molecules. In Publication III the aim was to form thin but large calcium carbonate
platelets to reinforce the chitin/protein matrix, whereas Publication IV handled
ideally perfect reinforcing nanosheets of graphene, which are mechanically
superior to the CaCO3 mineral platelets.

4.1

The tensile behaviour of unmodified NFC nanopaper and
NFC/DCBD-HFBI hybrid under hydration (Publication I)

In the first part the effect of moisture was examined on NFC/DCBD-HFBI hybrid
and on an unmodified NFC film. The amount of a fusion protein, DCBD-HFBI, was
chosen to be 1:1 in weight in relation to the NFC nanofibres in order to occupy as
much of the nanofibre surface as possible. The effect of the amount of fusion
protein was examined later with three different fusion proteins (12-mer, 24-mer
and 48-mer in the presence of HFBI), of which the HFBI-DCBD-24-mer closely
resembled structurally and functionally the DCBD-HFBI. The other two fusion
proteins in Publication II (HFBI-DCBD-12-mer and -48-mer) differed structurally
only in their DCBD linker length, but significantly in their behaviour.
FT-IR and TGA were used to confirm the presence of the DCBD-HFBI within
the hybrid film (see Publication I supplementary information Figures S1 and S2).
Sorption measurements were subsequently carried out to determine whether the
amount of absorbed moisture deviates between the NFC/DCBD-HFBI hybrid and
the unmodified NFC film. The results showed higher amounts of absorbed
moisture for the hybrid film throughout the humidity range (5%-85%RH), which is
logical since the proteins bind water naturally (Publication I, Figure 1). The hybrid
film has a bulky character of several micrometres in thickness, which allows
vapour to penetrate the film and to bind on the protein-modified NFC nanofibre
matrix. The HFBI part of the fusion protein has a hydrophobic side, which does not
bind to the nanofibres and is known to form multimers, whereas other parts of the
protein contain sites that enable binding of water molecules and thus higher
moisture content than in the unmodified NFC film.
Non-cyclic tensile tests were carried out next for both unmodified NFC and
NFC/DCBD-HFBI hybrid films in four different humidities (5%RH, 25%RH, 50%RH
and 85%RH). The corresponding stress-strain curves are shown in Figure 8. In the
figure, the plasticizing effect of water is clearly visible for unmodified NFC film,
where the hydrogen bonding-dominated nanofibre matrix is clearly lubricated and
softened by the introduction of water molecules (Figure 8a). Reductions in
Young’s modulus and yield strength with improved strain-to-failure and toughness
demonstrate the propensity of the unmodified NFC film to lose its stiffness in high
humidities. The bound moisture is likely to lubricate the inter-fibre interactions,
allowing the fibres to slide against each other more easily. In order to modify and
more importantly to enhance the hydration-dependent highly percolating
biopolymer matrices, the added interacting molecules need to be able to withstand
moisture and possibly to work in synergy with the inter-fibre interactions of the
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biopolymer matrix. In order to improve the material’s stability in higher humidities,
the interactions need to be able to outcompete water molecules. The binding
domains provide an alternative approach, since they have evolved in Nature to
overcome the problem of adhesion in an aqueous environment.
Figure 8b exhibits the altered performance of the NFC/DCBD-HFBI hybrid in
four humidities. The humidity-dependent mechanical behaviour of the hybrid is
changed drastically in comparison to the unmodified NFC film. Strain-to-failure
shows significant reductions, which can be considered a drawback, because the
NFC network is natively highly ductile as seen in Figure 8a. When the ultimate
tensile strengths are examined it becomes clear that they are almost the same as
in the unmodified NFC films, suggesting that only the means to reach the ultimate
tensile strength are changed, which results in lower strain-to-failure values
(Publication I, Figure 3). Excluding the measurement at 85%RH, at which the
ultimate strength is apparently lower for the hybrid than for the unmodified NFC
film, the properties of the hybrid are interesting with promising and distinct
characteristics. Importantly, the stress-strain curve and properties at 50%RH show
increase in yield stress and elastic modulus with close to the same ultimate
strength as in unmodified NFC film, suggesting protein-mediated properties, which
appear to be humidity dependent. The multivalent binding of the CBDs in fusion
protein seem to be able to outcompete hydrogen bonds of water molecules while
overriding the hydrogen bonded NFC network in once dried non-native state (at
least to some extent).

Figure 8. Representative stress-strain curves from non-cyclic tensile tests in four
different humidities for a) unmodified NFC film and b) NFC/DCBD-HFBI hybrid
film. Solid black curves represent measurements at 5%RH, dotted red curves at
25%RH, dashed green curves at 50%RH and dash dotted blue curves at 85%RH.
Adapted from Publication I with permission from American Chemical Society.
Cyclic tensile measurements are a powerful tool to study the nature of
interactions, which dominate the elastic region. Cyclic tensile measurements were
performed by increasing the applied stress in cycles until the breaking of a sample
occurred. During the measurements the stress was allowed to decrease to zero
between each cycle. Figure 9 presents representative stress-strain curves from
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cyclic measurements for both films in three humidities (25%RH, 50%RH and
85%RH). Both films deformed plastically beyond the yield point and a rather
constant elastic modulus was detected throughout the cycles for both of the films,
which can only result from reversible bonds that are able to reorganize during
stress release, especially beyond the yield point when irreversible structural
deformations take place. The stiffness of a material would begin to decrease
(distinctively) beyond the yield point in the case of irreversible bond-dominated
elastic properties. This result is reasonable since the interactions of HFBI and
CBDs are non-covalent and reversible by nature even though the system is dry in
comparison to their natural working environment.

Figure 9. a–c) Representative stress-strain curves from cyclic tensile
measurements in 25%RH (red), 50%RH (green) and 85%RH (blue), respectively.
NFC/DCBD-HFBI hybrid is shown with solid curves and the unmodified NFC film
with dashed curves. Adapted from Publication I with permission from American
Chemical Society.
A closer investigation of the plastic region was conducted, since the unmodified
NFC film and the NFC/DCBD-HFBI hybrid deviated most clearly during plastic
deformation in all of the humidities. Figures 10a and c display the yield strengths
of NFC and NFC/DCBD-HFBI in non-cyclic and cyclic measurements,
respectively. Notably, the yield strength of the NFC/DCBD-HFBI hybrid is
preserved at 50%RH, whereas the unmodified NFC film shows significantly lower
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yield stress already at 50%RH. Both of the films exhibit clear strain stiffening
beyond the yield point in the plastic region. The unmodified NFC film shows nonlinear and pronounced stiffening towards the end of the measurement, whereas
the hybrid displays rather pronounced but linear strain stiffening throughout the
plastic region. Interestingly, the slope beyond the yield point displays remarkably
higher values for the hybrid in all of the humidities in comparison to the unmodified
NFC film although the NFC film shows a more pronounced and non-linear slope at
the end of the plastic region. The strain stiffening moduli for both of the films are
presented in Figures 10b and d for non-cyclic and cyclic measurements,
respectively. A steeper slope in the plastic region indicates more effective
resistance to plastic deformation. Non-linear and increasing strain stiffening occurs
usually at high strain values due to the inability of long polymer chains to reorient
during plastic deformation, mostly due to the pronounced fibre-fibre entanglements
and interactions. The slopes in the plastic region were calculated directly after the
yield point because the non-linearity in the unmodified NFC film at the end of the
measurement would have caused problems in determining the slope accurately.
The slopes in the plastic regions deviated most between unmodified NFC and
NFC/DCBD-HFBI hybrid film for all of the mechanical properties and were visible
in all humidities. When the strain stiffening modulus was plotted as a function of
relative humidity (Figures 10b and d), the difference between the two films is seen
to decrease at 85%RH. At this humidity level, the amount of adsorbed moisture is
notably higher for the NFC/DCBD-HFBI hybrid film (Publication I, Figure 1),
suggesting that the moisture may eventually interfere with the binding of the
protein domains and even more probably with the NFC fibre-fibre interactions.
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Figure 10. a–b) Yield strengths and strain stiffening moduli of unmodified NFC and
NFC/DCBD-HFBI films from the non-cyclic measurements. c–d) Yield strengths
and strain stiffening moduli of NFC and NFC/DCBD-HFBI films from cyclic
measurements. Strain stiffening moduli are presented as a function of relative
humidity b) in 5%RH, 25%RH, 50%RH and 85%RH and d) in 25%RH, 50%RH
and 85%RH, from left to right, respectively. The open circles represent the
NFC/DCBD-HFBI hybrid and the black closed circles the unmodified NFC film in b
and d. At least four measurements were used to calculate averages. All data is
presented with standard deviations. Adapted from Publication I with permission
from American Chemical Society.

4.2

Designing the DCBD linker for improved mechanical
properties (Publication II)

The functions of the two domains (HFBI and DCBD) could not be interpreted
conclusively in the study described in the previous section (Publication I), although
the behaviour of the NFC/DCBD-HFBI hybrid resembled a crosslinking effect. In
publication II the roles of the two functional domains were studied more closely. A
schematic illustration of the six new protein constructs is presented in Figure 11.
Different DCBD linkers are illustrated from the shortest to the longest with red (12mer), green (24-mer) and blue (48-mer), respectively. Amino acid sequences for
the fusion proteins are also highlighted using the same colours as for the
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schematic DCBD domains in Figure 11. The DCBD-HFBI (Publication I) resembles
closely the fusion protein HFBI-DCBD-(24-mer); both have same sized DCBD
linker of 24 amino acids and they are considered as close equals. The DCBD-(48mer) has the longest linker of 48 amino acids, whereas the DCBD-(12-mer)
contains the shortest linker of only 12 amino acids. The fusion proteins all have a
trypsin cleavage site between the HFBI and DCBD domains (marked in Figure 11
as bold and underlined R), which enables physical separation of the two domains
and generation of the three DCBD proteins, thus facilitating study of the DCBD
parts in the NFC matrix without the multimerization domain HFBI.

Figure 11. Amino acid sequences of the three HFBI-DCBD (12-mer, 24-mer and
48-mer) constructs. Schematic models of the HFBI-DCBD fusions are shown on
the left and of the DCBD proteins on the right. The different molecular motifs are
not in drawn in relation to their true sizes, but rather with indicative dimensions.
The trypsin cleavage site is marked with a bold and underlined letter R.
First the binding behaviours of the three DCBD proteins were studied to assess
their binding properties, because the differently sized linkers were expected to limit
or to enable different degrees of freedom in the binding. The binding isotherms
from both NFC and bacterial cellulose for the three DCBD proteins are shown in
Figure 12. In general, both substrates showed similar binding behaviour, but the
measurements from NFC show larger deviations. This is probably because the
NFC nanofibres could not be fully removed from the dispersion, which is required
for an accurate determination of the amount of free protein in the supernatant. The
results differed slightly from those of a previously reported study, in which a
protein resembling the DCBD-24-mer was studied [111]. Importantly, the three
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DCBD proteins displayed differences in their binding isotherms and binding
capacities. The binding capacities indicate differences in the binding modes of the
DCBDs (Figures 12 and 15). The DCBD-48-mer shows the most altered behaviour
with the lowest binding capacity, whereas the DCBD-24-mer exhibits almost the
same or only slightly lower capacity than the DCBD-12-mer. The binding affinities
also differ between the proteins, but they are not expected to affect the behaviour
of the nanocomposite films due to the dry state. The binding assay results are
accurate enough to distinguish differences in the binding behaviours. The focus
was on studying the DCBD linker-length dependent behaviour from the
mechanical tensile perspective using DCBD and fusion protein hybrid films.

Figure 12. The binding isotherms of the cleaved DCBD proteins from a) bacterial
cellulose and b) NFC binding measurements. Red squares and curves represent
DCBD-12-mer, the green circles and curves the DCBD-24-mer and the blue
triangles and curves the DCBD-48-mer (Publication II).
The hydration induced mechanical behaviour of NFC/DCBD-HFBI hybrid and the
unmodified NFC nanopaper was studied in Publication I, in which the amount of
protein was kept constant (1:1) in relation to the amount of NFC nanofibres. The
effect of the amount of proteins was studied with the fusion hybrids in Publication
-1
-1
-1
II. Three protein concentrations (0.5gl , 0.85gl and 1.5gl ) were chosen for
nanocomposites, which correspond to 26 to 78 M for HFBI-DCBD-(12-mer), 24 to
74 M for HFBI-DCBD-(24-mer), and 22 to 67 M for HFBI-DCBD-(48-mer). The
-1
amount of NFC was again kept constant (2.0gl ) in all the films throughout the
study. The mechanical results of the three fusion hybrid films exhibited similar
behaviour to that of the NFC/DCBD-HFBI hybrid (Publication I) when compared to
the unmodified NFC film. The results showed reduced strain-to-failure and
toughness with improved yield strength and stiffness (Publication II,
supplementary information), but also differences between the three fusion protein
hybrids in mechanical performance. The improvements in the stiffness were more
pronounced in all three protein concentrations for all three fusion proteins than in
the previously studied DCBD-HFBI hybrid, in which the amount of protein was
higher. Thus, the protein-mediated mechanical behaviour appears to be
dependent on the amount and the structure of the protein (Publication II). The

45

longer DCBD linkers of the fusion proteins demonstrate more pronounced Young’s
modulus and yield stress with slightly higher ultimate tensile strengths, which
suggests that the differently sized non-functional linkers play a role in the once
dried fusion protein modified NFC matrix under tensile stress. Consequently, it
appears that the DCBD linker can affect the molecular structures and dynamics
already in the presence of the multimerization domain HFBI.
A more applied approach is needed to differentiate and define the roles of the
DCBD and HFBI domains, although the role of the HFBI moiety is known to be in
forming multimers with other HFBI domains. A physical separation of the HFBI
domain from the DCBD domain was performed with trypsin (Publication II). Based
on the tensile properties of the nanocomposites with different protein amounts,
where the HFBI-DCBD-48-mer hybrid showed the most pronounced effects at
-1
-1
0.85gl , it was decided to use 0.85gl protein concentrations for all three cleaved
-1
hybrid films. The representative stress-strain curves for 0.85gl of proteincontaining hybrids and unmodified NFC film are shown in Figure 13a, in which
solid red, green and blue curves represent the HFBI-DCBD-12-mer,-24-mer
and -48-mer fusion hybrids, respectively, and the dashed red, green and blue
curves the DCBD-12-mer, -24-mer and -48-mer hybrids, respectively. In addition,
the solid black line represents the unmodified NFC film. Furthermore, the average
values for Young´s modulus, yield strength, ultimate tensile strength, slope after
yield point, strain-to-failure and toughness are shown in Figure 14.

Figure 13. a) The representative stress-strain curves from non-cyclic tensile tests
for unmodified NFC film, the fusion hybrids and cleaved DCBD hybrids with
0.85gl-1 protein content and 2.0 gl-1 NFC. b) Representative stress-strain curves
from cyclic tensile tests of unmodified NFC film, cleaved DCBD-48-mer hybrid and
HFBI-DCBD-48-mer fusion hybrid with 0.85gl-1 protein content and 2.0gl-1 NFC,
where unmodified NFC film contains only 2.0gl-1 NFC. Unmodified NFC film is
shown with a solid black curves, the cleaved DCBD hybrids with dashed coloured
curves and fusion hybrids with solid coloured curves, with red for 12-mer, green
for 24-mer and blue for 48-mer for both a) and b).
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Figure 14. Mechanical tensile properties for the six hybrid films with 0.85gl-1
protein and 2.0gl-1 NFC, excluding the unmodified NFC film, which contains only
NFC. a) Young’s modulus, b) yield strength, c) ultimate tensile strength d) slope
after yield point e) strain-to-failure and f) toughness. At least four measurements
were used to calculate average values. All data is presented with standard
deviations. The other mechanical properties for the hybrids with different amounts
of fusion proteins can be found in Publication II supplementary information.
In general, the protein-mediated properties show enhancements in elastic
modulus, yield strength and slope after the yield point (strain stiffening modulus).
The longest linker in the DCBD-48-mer hybrid shows the most well-defined effect
on the mechanical performance, having the highest elastic modulus and yield
strength, which can result from an effective biomolecular crosslinking of the NFC
matrix. The smallest DCBD linker clearly limits the behaviour of the DCBD-12-mer
hybrid, since the Young´s modulus and yield strength fall far from those of the
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HFBI-DCBD-12-mer hybrid and other DCBD hybrids. DCBD-24-mer hybrid shows
a performance in between the DCBD-12-mer and -48-mer hybrids, which is
analogous to the behaviour of the HFBI-DCBD-24-mer within the fusion protein
hybrids. Strain stiffening modulus was lower for all DCBD hybrids in comparison to
the fusion protein hybrids, suggesting that the interactions during plastic
deformation are not as effective after the separation of the HFBI domain.
To investigate the nature of the interactions between unmodified NFC, HFBIDCBD-48-mer-NFC and DCBD-48-mer-NFC, cyclic tensile measurements were
carried out and the representative stress-strain curves were shown in Figure 13b.
The hybrids with the longest DCBD linker (48-mer) were studied, since the effects
were most pronounced with the DCBD-48-mer domain and because all of the six
proteins are based on the same molecular interactions due to their identical
functional domains, although the linker length seems to affect the synergetic
binding and the interplay of the two CBDs in a DCBD. The cyclic results exhibited
differences similar to those observed in the non-cyclic tests and the samples
differed clearly from each other. However, all of the films displayed a relatively
constant elastic modulus through the cycles, confirming that the dominating
interactions at the elastic region are based on reversible bonds in all of the films.
In order to understand how the binding results might explain the mechanical
performance or vice versa, it is necessary to contemplate the behaviours with
schematic illustrations of the possible molecular structures (Figure 15). Linder et
al. suggested that the binding affinity of a DCBD with DCBD linker of the same
size as the linker in the DCBD-24-mer would generate a situation, in which it is
energetically more favourable for the two CBDs to bind the same cellulose
(nanofibre) surface rather than separate ones [94], because the binding of one
CBD brings the other tethered CBD into the vicinity of the cellulose surface
increasing the local CBD molecule concentration in comparison to a single CBD
[94]. By comparison, it is possible that the smallest linker (12-mer) is too short to
allow both of the CBDs to bind to the same NFC nanofibre, leaving one of the
CBDs unbound but more likely to limit the binding of the DCBD-12-mer to the
same NFC nanofibre as proposed by Linder et al. [94]. However, if another
nanofibre is in close range the possibly unbound but tethered CBD might be able
to reach the other nanofibre causing biomolecular crosslinking between two
nanofibres especially during plastic deformation, when the nanofibres are slipping
against each other and aligning. This model would explain the strain stiffening
modulus of the DCBD-12-mer hybrid, since the fibres are aligning under tensile
stress and the probability of an unbound but tethered CBD finding a cellulose
surface is increasing. Furthermore, the DCBD-48-mer with the longest linker
provides an option where both of the CBDs in the DCBD-48-mer are able to bind
equally well but are probably even more likely to bind separate nanofibres due to
the long length of the linker, causing crosslinking of the NFC network. Based on
the results, the DCBD-24-mer appears to be able to bind separate nanofibres as
well, which may still be less probable than with the DCBD-48-mer because the
linker is only half as long. The binding abilities would explain the altered binding
capacities. The DCBD-12-mer and -24-mer bind most probably with both of the
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CBDs to the same and sometimes to separate nanofibres, whereas the DCBD-48mer is likely to bind always with both CBDs and often to separate nanofibres. The
linker length-dependent crosslinking densities could explain the differences in the
binding capacities alongside with the mechanical properties of the different
hybrids. It is also probable that the longer linkers occupy more space, inhibiting
the binding of other DCBD molecules and therefore partly affecting the binding
capacities.

Figure 15. Schematic illustrations of the possible molecular structures of the fusion
and DCBD hybrids. a) Proposed molecular structures of the fusion protein hybrids
and b) DCBD hybrids in the NFC matrix based on their mechanical performance
and binding studies. HFBI domains are drawn in violet, the NFC nanofibres in
green (larger molecules appearing up and down in the images) and the CBDs in
yellow. The different DCBD linkers connect the two CBDs together with nonfunctional peptide chains, in which the DCBD-12-mer linker is highlighted with red,
the DCBD-24-mer linker with green and the DCBD-48-mer with blue. The
molecules are not drawn to scale.
Although the altered mechanical behaviour may be explained to some extent by
the different binding configurations (Figure 15), the results provide basis also for
different molecular dynamics between the different protein-containing hybrids.
Figure 16 presents proposed molecular dynamics during tensile measurements
with respect to the proteins and their different sized linkers. Whereas the binding
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modes may be limited and controlled by the linker length, it is possible that the
linker allows sacrificial binding of the two tethered CBDs during tensile
measurements. With the shortest DCBD-12-mer linker the detaching of the CBDs
may be simultaneous, requiring less energy and therefore resulting in lower
mechanical performance in the dried state in relation to the other DCBD hybrids
with longer linkers. In the case of DCBD-24-mer and -48-mer it seems logical that
the tethered CBDs are detached from the surface one at the time, during which
the linker is straightened. This non-simultaneous detaching consumes more
energy and provides improved elastic and plastic tensile properties. Consequently
the DBCD-units work as sacrificial binding units alongside with the multimerizing
HFBI domains.
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Figure 16. Linker length-dependent sacrificial bonding. Longer linkers allow nonsimultaneous detachment of the tethered CBDs, while the linker provides hidden
length scale. Both the separate detachment of the two CBDs and the straightening
of the linker consume energy, thus improving the (plastic) tensile properties. The
shortest linker is likely to lead to a simultaneous detachment of both the CBDs,
which requires less energy and thus results in lower (plastic) tensile properties.
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4.3

Ionic crosslinking and biomimetic mineralization of
native chitin matrix via bifunctional ChBD-aspein
(Publication III)

In this study chitin nanofibres [79] were exploited by performing a non-covalent
modification using chitin binding domain-aspein fusion proteins (ChBD-aspein).
Both of the functional domains were first assessed separately. The binding
experiment was performed on chitin beads and the results displayed a regular
binding isotherm, confirming that the ChBD had preserved its function during
fusion with the aspein fragment (Publication III). The preliminary biomimetic
mineralization experiments were performed on ChBD-aspein-modified chitin
beads, in which the minerals appeared in the vicinity of the ChBD-aspein-modified
beads with a controlled crystal size (Publication III). The results confirmed that
both ChBD and the aspein had retained their known functions during genetic
engineering. Although chitin beads were used in the binding and preliminary
mineralization studies, chitin nanofibres would serve as a better matrix material for
the creation of biosynthetic nanocomposites. Figure 4b presented a cryo-TEM
image of vitrified dispersions of unmodifed chitin nanofibres, in which some
aggregation was visible due to the nature of the unmodified chitin nanofibres. The
nanofibres were functionalized using the bifunctional ChBD-aspein protein. The
aspein moiety contains several carboxylic groups (aspartates), which are
deprotonated at pH 8, making it highly negatively charged and attractive to
positively charged ions such as divalent calcium ions.
The introduction of ChBD-aspein to the nanofibre dispersion led to enhanced
dispersion of the nanofibres (at pH 8), which is a logical response due to the
repulsive forces created by the charged aspein domains on the chitin nanofibre
surfaces. Four separate films were formed by vacuum filtration: unmodified chitin
film, chitin film in the presence of calcium ions, ChBD-aspein/chitin hybrid and
ChBD-aspein/chitin film in the presence of calcium ions. The films were
subsequently tested with a micro tensile tester in controlled humidity (30%RH) and
ambient temperature (21°C). The mechanical tensile results can be seen in Figure
17a-d. An increase in Young´s modulus (5.5 GPa) was observed in the ChBDaspein/chitin hybrid, with no other clear changes in mechanical performance.
Introduction of the calcium ions to the ChBD-aspein functionalized chitin nanofibre
film resulted in an even higher Young´s modulus (7 GPa) and importantly also in
an increase in the ultimate tensile strength (120 MPa). The presence of the
calcium ions in the mechanically stiffened and strengthened ChBD-aspein/chitin
hybrid was further confirmed with SEM-EDX spectroscopy (Publication III,
supplementary information Figure S4). Since the protein-modified chitin film
showed slightly increased elastic modulus but no increase in ultimate tensile
strength in the absence of calcium ions, the results indicate that the ChBD-aspein
might have only improved the dispersity of the chitin nanofibres and consequently
the stiffness of the ChBD-aspein/chitin hybrid film, whereas the increment in
ultimate tensile strength required additional sacrificial bonds to resist the
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deformation and to dissipate more energy. Introduction of calcium ions showed no
improvements in the chitin film in the absence of the ChBD-aspein protein,
suggesting that the protein provided the platform for the interplay between calcium
ions and the nanofibres. A schematic representation of the possible molecular
structures and interplay is presented in Figure 19a.

Figure 17. Mechanical properties of the chitin and chitin/ChBD-aspein films in the
presence and absence of calcium ions. a) Representative stress-strain curves, b)
Young’s modulus, c) ultimate tensile strength and d) strain-to-failure values for
unmodified chitin film (blue), ChBD-aspein/Chitin hybrid film (red), Ca2+-chitin film
(green) and the Ca2+-ChBD-aspein/Chitin hybrid film (grey) with standard
deviations. The solid black curve represents Ca2+-ChBD-aspein/Chitin hybrid, the
dashed green curve the Ca2+-Chitin, the dotted blue curve the unmodified chitin
and the dash-dotted red curve the ChBD-aspein/Chitin film. At least four
measurements were used to calculate average values. All data is presented with
standard deviations. Adapted from Publication III with permission from the Royal
Society of Chemistry.
Enhancement of the mechanical properties through ionic interplay of the
bifunctional protein and calcium ions provided an encouragement to push the
studies even further to perform biomimetic mineralization of calcium carbonate
within the protein modified chitin matrix. This approach can be considered to be
truly nacre mimetic, since nacre is thought to grow calcium carbonate platelets
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within the aqueous chitin-protein matrix (referred to as the organic framework and
organic matrix in the introduction) during construction of the mechanically
desirable shell structures [48]. Two concentrations of CaCl2 and NaCO3 were
chosen so that the lower amount had close to the same molar content of charges
as in the ChBD-aspein modified chitin network and the other concentration was
tenfold higher. Moreover, the amount of calcium ions in the ionically modified
ChBD-aspein/chitin film was equal to the amount of charges on the chitin
nanofibre surfaces and thus the same as in the case of the lower amount of the
salts (CaCl2 and NaCO3) in the biomimetic biomineralization. Unmodified chitin
dispersions were used as control samples in order to follow the biomimetic
mineralization in the absence of the protein. Figure 18a presents a cross-sectional
SEM image from the 10XCaCO3-ChBD-aspein/Chitin. The wide angle x-ray
scatter (WAXS) results showed clear calcite peaks only for the 10XCaCO3-ChBDaspein/Chitin hybrid whereas the other films had no traces of calcium carbonate in
the WAXS measurements (Figure 17b).
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Figure 18. Hybrid films after biomimetic biomineralization of calcium carbonate
with and without ChBD-aspein. a) An SEM image from the cross-section of the
10xCaCO3-ChBD-aspein/Chitin film, which was the only film in which CaCO3
crystals were found by WAXS. b) WAXS spectra from the four hybrid films, in
which the common locations for the calcium carbonate peaks are shown with
black dots. c) Representative stress-strain curves for samples prepared with
1xCaCO3 (dashed blue curve), 1xCaCO3 with protein (solid red curve),
10xCaCO3 (dash-dotted green curve), and 10xCaCO3 with protein (dotted dark
grey curve). Average values with standard deviations of stiffness, ultimate tensile
strength and strain-to-failure are also shown. At least four measurements were
used to calculate average values. All data is presented with standard deviations.
Adapted from Publication III with permission from the Royal Society of Chemistry.
The mechanical tensile tests showed higher stiffness (7 GPa) and enhanced
ultimate tensile strength (120 MPa) only for the 1xCaCO3-ChBD-aspein/chitin, in
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which no crystals were measured with WAXS. This hybrid had approximately the
same amount of calcium ions as the ionically cross-linked ChBD-aspein/chitin
hybrid film, and surprisingly similar mechanical performance (Figure 18c). This
might be due to the fact that the protein can bind almost all the calcium ions and
thus inhibit the calcium carbonate nucleation in the presence of the low amounts
of calcium and carbonate ions. Inhibition might result in a situation in which the
calcium ions are bound and retained within the ChBD-aspein modified chitin hybrid
to generate sacrificial bonds between ChBD-aspein modified nanofibres as
schematically presented in Figure 19a. The 10xCaCO3-ChBD-aspein/chitin film
showed traces of calcite crystals in WAXS, although the mechanical performance
was unchanged in relation to the unmodified chitin film. Figure 19b presents
suggested molecular structures for the 10xCaCO3-ChBD-aspein/chitin hybrid.
The possible explanation for the unchanged mechanical properties of the
10xCaCO3-ChBD-aspein/chitin is that the mineralized CaCO3 crystals are round in
shape, which is usually an inefficient shape for reinforcing particles for the
construction of mechanically high-performing nanocomposites. However, the
results suggest that the crystal growth is affected and that the crystals are retained
within the chitin nanofibre matrix only in the presence of ChBD-aspein protein.
Although neither the Young´s modulus (4 GPa) nor the ultimate tensile strength
(70 MPa) were enhanced in the hybrid film in the presence of CaCO3 crystals, the
preservation of the properties suggests that the nanocomposite material was
properly integrated and that the aspein domains may have been interacting with
the formed crystals. Thus, the approach can be considered promising even though
a considerable amount of additional work would be required to gain control over
the morphology and aspect ratio of the crystals for nacre-like mechanical
performance and structures. Hierarchical self-assembly over higher length scales
is also needed when targeting properties of natural nacre (40–70 GPa of stiffness
and 80–135 MPa of tensile strength) [5]. It remains a mystery how Nature is
capable of synthesizing such a brilliant nanocomposite materials (e.g. nacre and
bone) in ambient and mild conditions [4]. Mimicking of the construction principles
of natural materials can be considered as important as the final structures and
properties for the development of biomimetic high-performance materials.
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Figure 19. Schematic illustration of the proposed molecular interactions and selfassembled structures of the protein-modified hybrids. a) Visualization of the
2+
molecular structures of Chitin/ChBD-aspein/Ca hybrid film. The dark blue
spheres represent the calcium ions within the ChBD-aspein decorated chitin
nanofibre matrix. b) Illustration of the biomimetic mineralization of calcium
carbonate crystals within ChBD-aspein modified chitin nanofibre matrix. CaCO3
crystals are shown as large grey-blue spherical particles, in which the round shape
of the particles is exaggerated. The molecules are not drawn to scale.

4.4

NFC nanocomposites with multilayered graphene
(Publication IV)

The final study (Publication IV) was also inspired by the brick-and-mortar type of
structure of nacre, although here the nanocomposite material was formed from
multilayered graphene and cellulose nanofibres. The work was initially inspired by
the work of Laaksonen et al. [92], in which DCBD-HFBI (the same fusion protein
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as used in Publication I) was used to bind hydrophobic graphene flakes and
cellulose nanofibres together. Here, the exfoliation of graphene multilayers was
attained directly into an aqueous dispersion of NFC nanofibres by tip sonication
without any assisting molecules. A cryo-TEM image from a vitrified dispersion of
graphene multilayers and cellulose nanofibres can be seen in Figure 20b. The
exfoliated graphene flakes were stable in the aqueous dispersion of NFC
nanofibres, which could be due to the mechanical interlocking of large graphene
platelets, although it is also possible that the NFC nanofibres can interact with the
aromatic graphene flakes. Hydrophobic interactions exist within amphiphilic NFC
nanofibres, even though the interfibrillar hydrogen bonding dominates the
behaviour of the nanofibres. Studies have suggested the existence of a specific
interaction between aromatic moieties and sugar rings of biopolymers [54]. The
results of the study described in Publication IV are insufficient to conclude whether
exfoliated graphene flakes can actually interact with the NFC nanofibres via a
specific interaction, but the results do indicate synergistic mechanical properties.

Figure 20. Visualization of the exfoliated and intercalated graphene flakes in the
aqueous NFC nanofibre matrix. a) Schematic illustration of the graphene flakes
and the NFC nanofibres. The molecules are not drawn to scale. b) Cryo-TEM
image of a vitrified dispersion of the exfoliated graphene multilayers within the
NFC nanofibre matrix.
Nanocomposite films with variyng amounts of graphene multilayers were created
through tip sonication and vacuum filtration, while the amount of NFC nanofibres
-1
was kept constant (2.0gl ) in all of the films. The amount of graphene multilayers
was noted in relation to the amount of NFC. Figures 21a and b present crosssectional SEM-images from an unmodified NFC nanopaper and 50wt% of
graphene-containing NFC nanocomposite, respectively. The thick, incompletely
exfoliated or intercalated graphene flakes can be seen in the cross-section of the
nanocomposite containing 50wt% of graphene multilayers. The exfoliation was
more complete for the nanocomposites with less graphene, in which both monoand multilayers of graphene were detected by Raman spectroscopy (Publication
IV, Figure 3). The transparency and flexibility of the nanocomposites were also
improved significantly with lower amounts of graphene multilayers. Figures 21c
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and d display the flexibility and the translucency of the NFC nanocomposite
containing 1.25wt% of graphene multilayers. Nanocomposites appeared to be firm
candidates for the mechanical tensile testing because they had retained to some
extent the ductility of NFC (Figure 21c). Ductility is often clearly reduced when
large amounts of reinforcing platelets are introduced into a nanofibre matrix in the
rule-of-mixtures composites [8]. The reason for preserved ductility might be the
non-covalent interactions, which do not inhibit the percolation of the NFC
nanofibres and thus the ductility of the graphene -NFC nanocomposites is like that
of unmodified NFC nanopaper.

Figure 21. Visualization of an unmodified NFC nanopaper and NFC
nanocomposites with graphene multilayers. a–b) Cross-sectional images of
unmodified NFC nanopaper and NFC nanocomposite with 50wt% of graphene
multilayers, respectively. c–d) Photographs of NFC nanocomposite containing
1.25wt% of graphene multilayers to demonstrate the flexibility and the
translucency of the nanocomposites, respectively. Adapted from Publication IV
with permission from American Chemical Society.
The mechanical tensile results are presented in Figure 22, in which the
nanopaper-like appearance matches surprisingly well with the ductile behaviour of
all the films. All nanocomposites demonstrated rather unchanged strain-to-failure
values of around 10%, which can be considered high for nanocomposites
containing significant amounts of graphene (from the perspective of the rule-ofmixture [8]). The SEM image in Figure 21b displayed thick graphene flakes at the
cross-section of nanocomposites, with high amounts of poorly exfoliated and
intercalated graphene sheets, which is unideal for optimized mechanical
performance. The nanocomposites with high amounts (over 5wt%) of graphene
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platelets showed reduced mechanical properties, with the exception of only slightly
decreased strain-to-failure values. An “optimal” range of graphene multilayers was
found at around 1.25wt% of graphene, where the Young’s modulus, yield strength,
ultimate tensile strength and toughness all exhibited significant improvements with
a well preserved strain-to-failure value. The results display a synergetic effect of
inter-fibre interactions of NFC and the exfoliated graphene flakes, which might be
due to the alignment of the nanofibres and possibly due to specific interactions
between aromatic graphene platelets and cellulose sugar rings. The suggested
interactions between graphene flakes and cellulose nanofibres are solely based
on the mechanically improved performance and were not confirmed by any direct
method.
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Figure 22. Mechanical tensile results from unmodified NFC film and NFC
nanocomposites with varying amounts of graphene multi-layers. a) Representative
stress-strain curves for unmodified NFC film (solid red curve), nanocomposite with
1.25%wt of graphene multilayers (dotted dark grey curve), nanocomposite with
2.5wt% of graphene multilayers (dash-dotted green curve) and nanocomposite
with 25wt% of graphene multilayers (dashed blue curve). b-f) Young’s modulus,
ultimate tensile strength, yield strength, strain-to-failure and toughness,
respectively, for unmodified NFC film and nanocomposites with standard
deviations, where red represents the unmodified NFC film, white the 0.625wt% of
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graphene multilayers, dark grey 1.25wt% of graphene multilayers, green the
2.5wt% of graphene multilayers, orange the 5wt% of graphene multilayers, blue
the 25wt% of graphene multilayers and grey the 50wt% of graphene multilayers.
At least four measurements were used to calculate average values. All data is
presented with standard deviations. Adapted from Publication IV with permission
from American Chemical Society.
Graphene flakes can be considered as ideal reinforcing platelets, because they
possess exceptional mechanical properties in addition to their other interesting
properties [110, 112, 113]. However, exploitation of the full potential of graphene
(or graphene oxide) platelets has not been achieved in nanocomposites.
Graphene- and graphene oxide-based nanocomposites have been studied
extensively in recent years with biopolymers such as chitosan [114] and with many
synthetic polymers such as poly (vinyl alcohol) (PVA) [115]. More information
about the recent progress in graphene-based nanocomposites can be found in
some recent reviews [116-118]. Many of the graphene-based nanocomposites
handle graphene oxide rather than graphene, partly because of the inert and
poorly dispersible character of unmodified graphene flakes. The tip sonication
allowed us to exfoliate graphene directly into aqueous NFC network, although this
is rather harsh method to transfer energy into the dispersion and is likely to cause
degradation of the nanofibres by cutting them into shorter pieces. However, the tip
sonication is also known to enhance the dispersity of the nanofibres by opening
their fine structure. Sonication may also induce defects into the exfoliated
graphene flakes, which can cause deterioration of their native properties. Still, the
method is simple and attractive choice for the utilization of NFC nanofibres and
graphene flakes in mild aqueous media without any assisting molecules. Although
the mechanical performance yielded promising results as the ductility was
preserved with improved stiffness, strength and toughness, up-scaling appears
unlikely at the moment due to problems with the tip sonication, in which the
sample volume, tip size and the possible defects require further studies.
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5. Conclusions
Designing of the molecular architecture of biopolymer matrices through noncovalent interactions showed significant relevance for the mechanical performance
and can be considered as a promising approach to construct and to study
biopolymer matrices for materials science applications. Both the number of
interacting components and the strength of interactions need to be optimized and
tailored for effective engineering of the highly percolating nanofibre networks.
Ideally all of the matrix components should be able to work cohesively over
several length scales in order to obtain multifunctional properties similar to those
of Nature’s materials [13].
Proper adhesion within the matrix components was realized in this work using
only non-covalent and weak interactions via recombinant fusion proteins and
exfoliated graphene multilayers. The recombinant proteins showed that the elastic
modulus can be tuned by the introduction of stronger, yet non-covalent,
crosslinking and sacrificial binding units via biological multimerization and binding
domains (Publications I and II). The utilization of ionically interacting protein
domains gave rise to improved performance in the presence of divalent calcium
ions via sacrificial bonds (Publication III). The deformations in the elastic region
are reversible by nature, although when the material is stressed beyond the elastic
region even the foundations for elastic properties may be disintegrated, which is
often the case with materials that have elastic properties that are dominated by
covalent interaction. Cyclic tensile measurements used in Publications I and II is a
useful method to confirm the reversibility of the elastic properties of
nanocomposite materials. Interestingly, clear effects were also observed in the
plastic region, where the presence of the non-covalently interacting molecules
improved the resistance of the materials to plastic deformations under tensile
stress. In addition, the sacrificial bonding was further tuned by molecular designing
(Publication II).
The construction of biomimetically mineralized nanocomposites showed
promising results via natural mineralization domain of aspein [102], although the
effect of mineralized components appears to be complex and requires further
studies. The results indicate that the protein interacted with the ions and possibly
with the created minerals, because both the ions and the minerals were retained
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within the organic matrix. However, no other evidence was acquired concerning
the possible interactions between the minerals and the aspein domain. The
mineralized nanocomposite structures did not resemble the structure of nacre
either mechanically or visually [119]. The lack of improvements in mechanical
properties suggests that the interactions between the aspein and the minerals
were not adequate and that the matrix functioned merely as a template for the
mineralization of CaCO3 [36]. On the other hand the interpretation of mineralized
chitin matrix is far from straightforward, and several other factors such as the
particle size and shape can affect the properties. At the moment the mineralized
structure of bone might actually be a more realistic model and target for material
construction via biomimetic mineralization, because bone contains mineralized
fibres, in which the mineral content is approximately half the organic content,
whereas the highly defined CaCO3 platelets of nacre comprise over 95% of the
total volume [12]. As a conclusion, the organic matrix may be easier to adjust for
an optimal mechanical performance than the construction and assembly of the
mineral particles for an optimized reinforcing phase.
New high performance molecules, e.g. graphene, have emerged recent
decades. These are available for utilization in man-made materials instead of the
ceramic or mineral particles that are often used in biological nanocomposites. In
Publication IV, the utilization of nearly ideal reinforcing platelets of graphene
(multilayers) showed how relatively large amounts of inorganic material can be
applied directly into a biopolymer matrix without any assisting molecules, and thus
the method stands out as a promising approach. The tensile results of the
graphene-NFC nanocomposites showed improved properties with low amounts of
exfoliated graphene multilayers. The possible reason for mechanical
enhancements may reside in the non-covalent interactions, which may allow NFC
matrix to percolate and to work in synergy with the added graphene flakes. Higher
amounts of graphene did not result in enhanced mechanical properties but they
displayed relatively unchanged strain-to-failure, which is a step towards integration
of the native properties of the ductile NFC nanofibres with relatively high amounts
of inorganic material [5].
In summary, non-covalent modification of the biopolymers appears to be a
promising route to develop multifunctional nanocomposite materials. Despite the
enhancements in mechanical properties of biopolymer nanocomposites, some
bottlenecks were encountered. The modification of the matrices appeared to result
in unchanged or sometimes reduced ultimate tensile strength, suggesting that only
the means to reach the threshold for the maximum tensile stress were changed
and at times were also met earlier. The reason for this might be in the amounts of
biopolymers, which dominated all of the materials and thus the properties of a
single nanofibre may have limited the performance of the nanocomposites in
ultimate tensile strength. Absolute values are not very reliable indicators of a
material’s performance, due to the heterogeneity issues of biopolymers and their
processing history. However, some studies have been able to show higher tensile
strengths for NFC nanopaper by aligning the biopolymer nanofibres [85], which
suggests that the inter-fibre interactions become more effective due to the
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alignment, allowing improved stress transfer in the biopolymer matrix and thus
higher ultimate tensile strength and stiffness. On the other hand, when the shape
of the stress-strain curve is dramatically altered (indistinguishable plastic region
[85]), it refers to significantly altered molecular structure and behaviour of the
biopolymer matrix and thus the material cannot be compared directly in the sense
of structure-property relationships. Here the chitin and the NFC-graphene
nanocomposites showed increased ultimate tensile strength via protein-calcium
mediated sacrificial bonds and the synergistic behaviour of graphene-NFC matrix,
respectively. Improved tensile strength refers to more effective utilization of the
properties of the nanofibre networks and possibly enhanced stress transfer within
the matrices, which can be considered as another step forward in understanding
and utilising biopolymers as matrices for structural materials.
This work demonstrated how bioinspired approaches can be used to tailor
native biopolymer matrices in mild aqueous conditions to construct hybrid and
nanocomposite materials. All of the utilized molecules interacted non-covalently
with the matrices without alteration of the biopolymer structures. Genetic
engineering provides a novel route to construct materials by designing the
structural components and their functions at the molecular level. The disadvantage
of the approach is the time consuming synthesis, production and characterization
of the novel (multi)functional molecules. In addition, there are other bottlenecks
such as the cultivation and purification methods, and also possible issues
concerning protein heterogeneity, all of which can impede the work significantly.
The existence of these issues was acknowledged with no further discussion to
limit the focus of this work to the applying of the novel multifunctional proteins. In
the future, more complete understanding could possibly be achieved using several
alternative loading rates in mechanical tensile testing and by carrying out
rheological measurements and dynamic mechanical analysis. In addition to
experimental methods, modelling would allow more thorough investigation of the
molecular and macroscopic behaviour of the molecules and of the nanocomposite
materials if combined with experimental studies. Hence, a combination of
experimental and theoretical studies will be desirable in the future.
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