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1. Introduction 

The extraordinary properties of the natural materials have inspired material 
scientists to develop synthetic materials through the biomimetic approaches. 
Most natural materials have complex structures, where the building 
components are hierarchically organized from molecular to macro level (Fratzl 
and Weinkamer 2007). In bone, the collagen fibrils are filled and coated by tiny 
mineral crystals, mainly flat plates, which are arranged parallel to each other 
and parallel to the collagen fibrils (Landis et al. 1996). In wood, the cellulose 
fibrils are embedded in a matrix of hemicellulose and lignin, and assemble at 
helical angle (Pan 2014).  The superior properties of the natural materials are 
normally not determined by the bulk properties of their building blocks, but 
more related to their precise nanostructures and the interfaces between 
different building blocks (Meyers et al. 2008). In order to design and develop 
new biomaterials it is essential to understand the biointerface, the 
interconnection between a synthetic or natural material and biomolecule 
(Hayward et al. 2014). In nacre, for example, aragonite tablets with dimensions 
of 0.5 vs 10 μm are glued together by nanometer thick layers of multifunctional 
proteins and organized into a hierarchical structure. The toughness of nacre is 
three orders of magnitude higher than that of calcium carbonate (Addadi et al. 
2006).  

In biological materials, multifunctional proteins are important to integrate 
different building components and provide functionalities to the interface 
between different phases (Meyers et al. 2008). For example, resilin found in 
arthropod has three different domains to realize the high resilience and bind to 
chitin to achieve the stiffness (Ding et al. 2013). To tune the properties of 
composite materials from a molecular level, multifunctional proteins can be 
employed to modify the interfaces of the building blocks. Different protein 
domains can be recombined by genetic engineering to achieve multiple 
functions (Laaksonen et al. 2012). For example, an elastomeric resilin protein 
has been fused with a chitin binding domain to achieve binding to a chitin 
surface (Qin et al. 2009a). A bifunctional protein, such as double cellulose 
binding domain (CBD), can be utilized for cross-linking, has been utilized to 
cross-link fibers in paper (Levy et al. 2002).  

Nanocellulose is an interesting natural polymer for material scientists, it can 
be easily processed to form aerogel, hydrogel, film and fiber. Various functional 
cellulose materials can be achieved by mixing other components, e.g. carbon 
nanotubes, magnetic particles, clay et al. to the cellulose matrix (Anderson et al. 
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2010, Walther et al. 2011, Wu et al. 2012). Due to its good biocompatibility and 
extraordinary mechanical properties, it also attracts increasing attention for 
biomedical applications (Jorfi and Foster 2015). The surface properties of 
cellulose can be tuned with different covalent modifications, including anionic 
functionalization, cationic functionalization, hydrophobic functionalization, or 
by physical adsorption of molecules onto the cellulose surface. The molecules 
can be hemicellulose (e.g. xyloglucan), other polysaccharides (e.g. 
carboxymethyl cellulose), or cellulose binding proteins (Winter et al. 2010, Fang 
et al. 2016).  
 
 

1.1 Cellulose 

Cellulose is a linear homopolymer consisting of D-anhydroglucopyranose units 
-1, 4 glycosidic bonds as shown in Figure 1 (Klemm 

et al. 2005). The repeating unit is cellobiose, consisting two AGU units. Each of 
the AGU units has three hydroxyl groups at the C2, C3 and C6 positions. The 
terminal groups at the end of the cellulose molecules are quite different from 
each other. One end is called reducing end, and has an aldehyde group with 
reducing activity at C1, another end is the non-reducing end, which contains an 
alcoholic OH group at C4. Cellulose is insoluble in water as the hydroxyl groups 
are bond to each other, making it hard for water molecules to break in (Lee et 
al. 2014, Lindman et al. 2010). Those hydroxyl groups are responsible for the 
formation of both intra- and intermolecular hydrogen bond in native cellulose, 
which allow them to be packed side by side in planar sheet and bundled into 
microfibrils. 

 
 

Figure 1. Chemical structure of cellulose chains.(Adapted from Lee et al. 2014) 

1.2 Nanocellulose

Nanocellulose can be extracted from a broad range of plants and animals 
through enzymatic, chemical or physical treatment, generating different kinds 
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of cellulose particles, including cellulose nanocrystals (CNC) and cellulose 
nanofibrils (CNF) (Klemm et al. 2011). In plants, cellulose is the building block 
for the cell wall whose hierarchical structure is presented in Figure 2. The 
dimensions of the cellulose particles strongly depend on the sources and the 
processing methods, but they at least have one dimension on nanometer range. 
CNC is the crystalline part of cellulose, which is usually extracted from natural 
cellulose through acid hydrolysis. CNF can be prepared by physical treatment 
to disintegrate the fibrils and the enzymatic or chemical pre-treatment is also 
applied to reduce the energy consumption (Pääkko et al. 2007). There has been 
increasing interest for nanocellulose due to their unique properties, e.g. 
extraordinary mechanical properties, large surface area, good biocompatibility 
and broad chemical-modification abilities (Mohan et al. 2015, Guo et al. 2016).  

 
 

Figure 2. Hierarchical structure of cellulose. Amorphous and crystal parts of cellulose are 
sequentially located along the fiber direction and the crystal parts are separated with 
amorphous region. (Adapted from Kim et al. 2015) 

1.2.1 Cellulose nanocrystal 

CNC has been isolated from different sources, including plants, animals, 
bacteria and algae by hydrolysis with mineral acids (Anwar et al. 2015, Feng et 
al. 2015, Zhao et al. 2015, Mueller et al. 2014). As shown in Figure 3, the 
cellulose fibers contain both amorphous regions, which are less ordered and the 
crystalline regions (Mohan et al. 2015). The driving force for the extraction of 
CNC by acid hydrolysis is the difference in solubility of amorphous regions and 
crystalline regions (Fan et al. 1987). The amorphous regions of cellulose fiber 
are more accessible to acid molecules, while the crystalline cellulose which is 
more resistant to acid hydrolysis, was obtained after hydrolysis (Lu and Hsieh 
2010). CNC isolated from different resources were summarized in Figure 4. The 
dimensions of CNC highly depend on the original sources. The CNC extracted 
from woody biomass using acid hydrolysis has an aspect ratio between 10 and 
30 with a width 3-10 nm, while CNC from tunicate and bacteria has a higher 
aspect ratio around 70 with a width 10-25 (Trache et al. 2017, Beck-Candanedo 
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et al. 2005, George and Sabapathi 2015).  The properties of CNC, especially the 
surface properties, are strongly dependent on the type of mineral acid used (Lu 
and Hsieh 2010). There is almost no surface charge for the CNC generated with 
HCl hydrolysis, which therefore exhibit poor colloidal stability (Araki et al. 
2000). The CNC generated by sulfuric acid hydrolysis undergoes some surface 
sulfation, and is thus stabilized by strong electrostatic repulsion induced via the 
anionic sulfate half-ester groups on the CNC surface (Marchessault et al. 1959). 
Organic acids, like oxalic acid, acetic, butyric or lactic acid were also applied for 
the production of the CNC and specific functionality, hydrophilicity or 
hydrophobicity can be introduced to CNC with selected acid (Braun et al. 2012,  

Chen et al. 2016, Spinella et al. 2016). 
 

 
 

Figure 3. Schematics of cellulose fibers structure and the cellulose nanocrystals obtained after 
the sulphuric acid hydrolysis of the amorphous region. (Adapted from Mohan et al. 2015) 

Recently, a new method for producing CNC was reported (Kontturi et al. 2016a). 
Instead of hydrolyzing cellulosic materials in HCl solution, the plant-based 
fibers were exposed to saturated HCl vapor, which resulted in rapid degradation 
with simultaneous crystallization. The yield for vapor HCl hydrolysis is 
announced to be 97.4% instead of 20-50% with liquid acid hydrolysis. However, 
due to the absence of surface charge, the HCl vapor hydrolyzed CNC has very 
bad colloidal stability. In Paper I, cellulose binding proteins and 
polysaccharides were used to enhance the colloidal stability of HCl vapor 
hydrolyzed CNC (Fang et al. 2016). 
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Figure 4. Transmission electron microscope (TEM) images of cellulose nanocrystals derived from 
(a) softwood, (b) hardwood, (c) tomato peel, (d) Calotropis procera, (e) oil palm, (f) red algae, (g) 
sea plant, (h) tunicate, (i) bacterial cellulose.(Adapted from Trache et al. 2017) 

1.2.2 Cellulose nanofibril 

Cellulose nanofibrils (CNFs) are normally produced from wood by high pressure 
homogenization or microfluidization of pulp (Lee et al. 2009). These processes 
produce high shear that causes transverse cleavage along the longitudinal axis 
of the cellulose microfibrillar structure, resulting in the extraction of long 
cellulose fibrils. To disintegrate the fiber by mechanical treatment requires very 
high energy input. Therefore, some chemical or enzymatic treatments have been 
used to facilitate the separation of fibrils (Isogai et al. 2011, Henriksson et al. 
2007). The wood-derived CNF typically has a width of 5-20 nm and the length 
varies much, from hundreds of nanometers to several micrometers. An AFM 
image of wood CNF is presented in Figure 5. The native CNF can be 
homogeneously dispersed into water due to the stabilization of hemicellulose 
covered on the surface of the nanofibrils.  
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Figure 5. AFM image of a wood CNF sample. The sample is prepared by drop casting of diluted 
CNF solution on silicon wafer and dried at ambient conditions. 

1.2.3 Nanocellulose used in composite materials 

CNC has been widely used as reinforcing materials for nanocomposites (Huang 
et al. 2015). The charged CNC, e.g. sulfate CNC or TEMPO CNC, is stable in 
aqueous solution and can be well dispersed into hydrophilic polymers. It has 
been reported that the CNC reinforced nanocomposites showed significantly 
improved mechanical properties (Sapkota et al. 2017). There are several factors, 
e.g. high elastic modulus, high respect ratio and the interactions between CNC, 
which contribute to the reinforcement effect (Natterodt et al. 2017). Besides, its 
unique structural features and impressive physicochemical properties such as 
biocompatibility, biodegradability, renewability, low density and adaptable 
surface chemistry also make CNC a good candidate for composite materials 
(Trache et al. 2017). CNC has been utilized in many polymer systems to enhance 
the mechanical properties of composite, such as starch (Rojas et al. 2009), 
alginate (Ureña-Benavides and Kitchens 2012), poly(vinylalcohol) (PVA) (Lee 
and Deng 2013, Mueller et al. 2015), and poly(lactic acid) (PLA) (Sung et al. 
2017).  

Different with CNC, CNF is long, flexible and entangled fibril, which forms 
percolating networks at low concentration. Therefore, CNF is widely used as 
matrix for nanocomposite materials, while CNC is often used as filler. In 
aqueous solution, CNF forms hydrogel due to the hydrophilic feature and 
hydrogen bonding. The strength of the CNF hydrogel depends on the solid 
contents. The CNF suspension is very stable in water, but very sensitive to ionic 
strength. Even low concentration of buffer can induce the flocculation of CNF 
suspension. Therefore, some cationic ions have been introduced for making 
freestanding CNF hydrogel (Zander et al. 2014). Besides of hydrogel, CNF is also 
widely applied for aerogel, fiber and film composite materials (Klemm et al. 
2011, Kim et al. 2015).  
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1.3 Interactions between cellulose particles 

In 1940s, Deryagin, Landau, Verwey and Overbeek developed a theory of the 
stability of colloidal systems (DLVO theory). The theory states that the colloidal 
stability is determined by the potential energy of the particles summarizing two 
parts: potential energy of the attractive interaction due to van der Waals force 
VA and potential energy of the repulsive electrostatic interaction VR (Figure 6). 
The charged surfaces attract oppositely charged ions, which in turn attract their 
counter ions. When the particles present the same charge approaching each 
other, the repulsion rises from the overlap of electrical double layers (Babick 
2016). The type of aggregate formed depends on the particle concentration, size, 
and shape and on the solvent properties. VA is only slightly affected by changes 
in pH and the salt concentration, while VR significantly depends on the chemical 
environment. The repulsion can be reduced either by screening the electrostatic 
interactions, or by reducing the surface charge. 

 
Figure 6. Interactions of two particles present the same charge. (Adapted from Babick 2016) 

The surface forces between two cellulose particles depend on the type of 
cellulose studied. For the native CNF, the cellulose surface possesses slightly 
anionic charge due to the hemicellulose, so the forces are mostly repulsive with 
two distinguishable force regions, steric and electrosteric (Stiernstedt et al. 
2006, Poptoshev et al. 2000). At lower pH, the carboxyl groups in hemicellulose 
are protonated and the repulsive force is eliminated, thus the attractive van der 
Waals force in the cellulose system could also be detected (Notley et al. 2004). 
At elevated pH, the repulsion force also increased which is from the dissociated 
carboxylic groups (Österbeg and Claesson 2000).  

There are abundant OH groups in cellulose molecules, which favor the 
formation of hydrogen bonding. In the cell wall, hydrogen bonding is very 
critical for the adhesion of cellulose fibrils with themselves and with other 
components (Gardner et al. 2008). The hydrogen bonding arrangement also 
plays an important role in the self-assembling properties of cellulose suspension 
(Han et al. 2013).  
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Except for the electrosteric forces, hydrophobic interactions are also present 
in cellulose, although significant hydrophobic forces are unlikely to develop on 
the highly hydrophilic cellulose surfaces (Lindman et al. 2010). It is well known 
that cellulose crystal is amphiphilic (Medronho et al. 2012, Glasser et al. 2012). 
The equatorial direction of the glucopyranose ring has a hydrophilic character 
because all three hydroxyl groups are located on the equatorial positions of the 
ring. However, the axial direction of the ring is hydrophobic since the hydrogen 
atoms of C-H bonds are located on the axial positions of the ring. The 
hydrophobic sides have a tendency to attract each other in an aqueous 
environment (Glasser et al. 2012).  

1.4 Cellulose binding proteins 

Cellulases are produced mainly by bacteria and fungi. In general, the fungal 
cellobiohydrolase (CBH) belongs to the glycoside hydrolase (GH) families 6 
(previously CBH II) and 7 (previously CBH I) (Várnai et al. 2014). The fungus 
Trichoderma reesei secretes two extracellular cellobiohydrolases (CBH I and 
CBH II), which are cellulases that can hydrolyze glycosidic linkages particularly 

-1,4-glucosidic dimer) as a major 
product from cellulose I (Teeri 1997). The two T. reesei CBHs hydrolyze 
crystalline cellulose from the reducing and non-reducing ends, respectively 
(Teeri et al. 1998). The cellulose-binding domain, which is categorized into 
carbohydrate-binding module family 1, contributes to adsorption on the 
insoluble substrate. The earlier studies of CBMs of Trichoderma reesei 
cellobiohydrolases Cel6A and Cel7A and the endoglucanase Cel7B have shown 
these aromatic residues are critical for the binding of a CBM1 onto crystalline 
cellulose and that the presence of a Trp instead of a Tyr residue results in an 
increased affinity on crystalline cellulose (Linder et al. 1995a, Linder et al. 
1995b). The structural studies indicate that the spacing of the three aromatic 
residues coincides with the spacing of every second glucose ring on a glucan 
chain (Kraulis et al. 1989). Therefore, it has been postulated that the aromatic 
amino acids of the CBMs form van der Waals interactions and aromatic ring 
polarization interactions with the pyranose rings exposed on the crystalline face 
of cellulose (Lehtiö et al. 2003). 

 
  

 
 

Figure 7. A schematic of CBM bind to cellulose. 

It was found that the desorption of Cel6A by dilution of the sample showed 
hysteresis (60 to 70% reversible), while the desorption of Cel7A did not show 
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hysteresis and was more than 90% reversible (Palonen et al. 1999). The cellulose 
substrates also affect the binding of the CBM. The CBM has different binding 
capability on different cellulose surface, e.g. bacterial cellulose, cellulose 
nanocrystal and cellulose nanofibrils (Arola and Linder 2016a). The binding of 
Cel7A is not sensitive to the environmental conditions, such as pH and it binds 
equally well over a wide range of pH values (Linder et al. 1999). 

1.5 Cellulose surface modified with cellulose binding protein 

CBMs and fusion proteins containing CBM have been used for the modification 
of cellulose fibers. The isolated CBMs preserve their high affinity for cellulose 
and they can be fused with enzymes, other protein domains or polypeptides 
using recombinant DNA technology. Double CBM has been used to cross-link 
cellulose fibers to improve the paper strength, and the hydrophobicity of the 
treated paper also increased (Levy et al. 2002). Genetically modified CBM was 
utilized for the surface modification of cotton fiber to increase the dye affinity 
(Cavaco-Paulo et al. 1999). Recombinant cells with surface expressed CBM or 
CBM fusion proteins could be used for cell or protein immobilization (Levy and 
Shoseyov 2002). Besides, the CBM fusion proteins have also been used in 
material science to make functional nanocomposite (Laaksonen et al. 2011a, 
Fang et al. 2017). Double CBMs linked with a non-functional linker with three 
different lengths were investigated to cross-link the cellulose fibrils in 
nanocomposite. The binding capability was influenced by the length of the 
linker. The interpretation was that a short linker tethers the CBMs close to each 
other and promoted cooperative binding. In dried films, the modulus and 
mechanical strength were improved with the addition of double CBMs due to 
the cross-links between the fibrils they created (Malho et al. 2015).  

1.6 Hydrophobin 

Hydrophobins are small, surface active proteins that can adsorb at the air-water 
interface lowering the surface tension of water (Linder 2009). They are secreted 
by fungal hyphae to lower the water surface tension, thereby enabling the 
hyphae to grow into the air (Linder et al. 2005). Depending on the differences 
in the amino acid sequence and hydropathy patterns, the hydrophobins are 
classified into two distinct groups, class I and class II (Wessels 1997). Class I 
hydrophobin form assemblies, which are more resistant to solvents and are 
highly insoluble in aqueous solutions. Class II hydrophobin aggregates can be 
dissolved using aqueous dilutions of organic solvents (Linder et al. 2005). The 
structure -barrel formed by two 

- -helix as shown in Figure 8 (Goldian et al. 
2013). About 80% of the hydrophobic chains are exposed on one side of the 
protein, formed a hydrophobic patch. In HFBII, the area of the hydrophobic 
patch is 12% of the total surface area, the remaining area is mainly hydrophilic. 
Due to the amphiphilic structure of hydrophobin, they form different dimers 
and oligomers in aqueous solutions in a concentration-dependent manner.  
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Figure 8. Schematic of the HFBI structure. The hydrophobic patch is colored green. The protein 
- - -helix. (Adapted 

from Goldian et al. 2013) 

Hydrophobins can assemble at the air-water interface and form very ordered 
structured film. HFBII forms rod-like structures, called rodlets when its 
solution is dried on mica surface (Morris et al. 2012). HFBI has been shown to 
form interfacial films with a self-assembled hexagonally ordered structure 
(Figure 9). The hydrophobin multimers disassemble at the interfaces to form 
monolayers (Linder et al. 2005).  

Hydrophobins efficiently adhere to surfaces, especially to hydrophobic 
surfaces. The hydrophobin fusion proteins can be efficiently immobilized onto 
hydrophobic surfaces such as silanized glass and Teflon. The fusions formed a 
tightly bound, rigid surface layer on the hydrophobic support and the binding 
most likely occurred as a monolayer (Linder et al. 2002). Hydrophobin or its 
fusions was used to stabilize and functionalize of carbon materials, like CNT and 
graphene (Kurppa et al. 2007, Laaksonen et al. 2011).  
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Figure 9. Supramolecular assemblies of hydrophobins. (A) An atomic force microscopy (AFM) 
image of a HFBII and (B) HFBI. The film was deposited on a mica support using the Langmuir–
Blodgett technique. (C) Possible model for the formation of different complexes of hydrophobins 
in aqueous solution. The hydrophobin migrates to interfaces and forms aggregates in solution to 
shield its hydrophobic parts.(Adapted from Linder et al. 2005)  

1.7 Resilin

Native resilin is a cross-linked elastomeric extracellular matrix protein found in 
the jumping, flying and sound production system in many insects (Weis-Fogh 
1960). Only the fully cross-linked resilin is called resilin, while the not yet cross-
linked protein is called pro-resilin (Andersen 2010). It exhibits two remarkable 
material properties, high resilience (>92%) and high fatigue lifetime (in excess 
of 300 million cycles) (Lyons et al. 2011).  It can be stretched to over 300% of 
its original length before breaking and has a low elastic modulus in the range of 
0.1-3 MPa (Elvin et al. 2005). In 2001, the gene sequence of Drosophila 
melanogaster resilin was identified, which opened a new route to engineer 
resilin like polypeptides (RLP) (Ardell and Andersen 2001). Rec1-resilin, 
encoding the N-terminal domain (exon 1) in native D. melanogaster resilin 
(CG15920 gene product from transcript CG15920-RA) was first reported by 
Elvin et al (Elvin et al. 2005). Rec1-resilin is a water soluble is and consists of 
310 amino acid residues with 18 copies of a 15 residues repeat consensus 
sequence: GGRPSDSYGAPGGGN. Owing to the remarkable mechanical 
properties, cross-linked RLP has emerged as valuable materials for biomedical 
application, e.g. tissue engineering (Li and Kiick 2013).  
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1.7.1 Function of resilin in Arthropoda 

In biological structures, resilin barely presents in pure form, but exists together 
with other proteins and/or chitin fibbers in resilin containing composites. 
Therefore, the properties of resilin-containing exoskeletons vary a lot between 
different structures and organisms (Michels et al. 2016). Resilin has been found 
to exist mainly in insect exoskeleton structures where this protein has a number 
of different functions, including (1) the storage of elastic energy in jumping 
system (Burrows et al. 2008, Burrows 2010, Burrows 2011), (2) the reduction of 
fatigue in folding wings of beetles and dermapterans (Haas et al. 2000), (3) the 
enhancement of the attachment of pad to uneven surface (Peisker et al. 2013) 
and (4) the generation of flexibility of wing vein joints in dragonflies and 
damselflies (Gorb 1999). A couple of examples will be discussed in details to 
explain the different functions of resilin in arthropoda.  

Take flea as an example, fleas possess two pads with large proportion of resilin 
in their thorax (Bennet-Clark and Lucey 1967). Before jump, the pads are 
compressed and then their elastic recoils provide energy for the rapid trochanter 
movements powering the jump. It has been proposed that the whole energy 
required for jumping is stored in the resilin-containing pads. However, some 
estimation results indicated that resilin alone can not fulfil the large power 
demands during jumping (Burrows et al. 2008). A large proportion of the 
energy needed for jumping is stored within the hard and stiff chitinous 
structures which only requires slight bending. The flexibility and elasticity of 
resilin reduce the risk of fractures during the deformation of stiff material.  

The adhesion of insect pads on substrates largely depends on the ability of the 
pads to adapt to the surface topography. It is usually proportional to the area of 
real contact between surfaces. Therefore, the flexibility of material is very 
important for the contact formation of adhesive pads. The confocal microscopy 
image of adhesive tarsal setae of the ladybird beetle is presented in Figure 10. 
The strong blue autofluorescence indicates the composition of the setae tip is 
strongly dominated by resilin. The resilin-dominated tips have a large potential 
for an effective adaptation to rough substrates due to their softness and 
flexibility and therefore may enable the formation of a larger contact area 
(Peisker et al. 2013). 
 

 
 

Figure 10. Morphology and material composition of adhesive tarsal setae. (Adapted from 
Peisker et al. 2013). 
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1.7.2 Modular structure of resilin 

The full length resilin in D. melanogaster contains three different domains: 
exon I reported as “pro-resilin”, exon II determined to be a chitin binding 
domain and exon III (Ding et al. 2013). Exon III is considered as the “hard” 
segment in resilin and the resilience is only around 65% (Qin et al. 2011). Resilin 
from different insect species have a high content of glycine (35-40%) and a high 
content of proline (7-10%), but lacks hydrophobic amino acids, such as Val, Leu, 
Ile (Ardell and Andersen 2001, Balu et al. 2015). There are more hydrophilic 
blocks in exon I, which make it more flexible in water with extended chains. The 
unstructured and non-crystallizable properties of exon I contribute the super 
elasticity of the resilin protein. Exon I is the “soft” segment in resilin and the 
resilience is more than 90% (Elvin et al. 2005, Qin et al. 2009b).  

The high flexible glycine in the backbone make the ordered structure 
entropically unfavorable. On the other hand, the cyclic side chain of proline is 
too stiff to form ordered structure. Recently, the secondary structure of Rec1-
resilin was studied by Dutta et al. (2015) using circular dichroism (CD) 
spectroscopy and small-angle X-ray scattering (SAXS) combined with structure 
modelling, and it reveals that Rec1-resilin is an intrinsically disordered protein 
(IDP) that are stable over a wide range of pH and temperature. A homology 
model of resilin structure is presented in Figure 11 (Kappiyoor et al. 2011). 
Resilin was found to display equilibrium structural qualities between a 
structured globular protein and a denatured protein (Balu et al. 2015). The high 
content of glycine and proline residues confers to resilin a high degree of 
flexibility and conformational disorder, which contributes to the mechanical 
properties of the protein. 

 
Figure 11. Homology model of resilin. Cylinders represent alpha helices and arrows represent 
beta sheets.(Adapted from Kappiyoor et al. 2011)  

The experimental isoelectronic point (PI, zeta potential = 0) of rec1 – resilin is 
at pH 4.8, while the theoretical value is at pH 9.2. This indicates the complex 
structure of rec1 – resilin in solution, with negatively charged protein surface 
exposed to water and positively charged residues forming the core. The 
hypothesis of this complex organization can be supported by small-angle 
neutron scattering (SANS) data of rec1-resilin in solution, which can be fitted to 
a core-shell model (Dutta et al. 2011).  
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1.7.3 Multi-stimuli responsiveness 

In addition to the remarkable mechanical properties, Rec1-resilin also exhibits 
multi-stimuli responsiveness including thermal, pH and ion in aqueous 
solutions, which have potential applications in creating patterned surface and 
responsive surface for biosensors or diagnostic tools (Dutta et al. 2011). RLP 
self-assembled into nano or micro-sized particles upon heating and the 
transition is responsive to the solution conditions, e.g. ionic strength and pH. 

-sheet containing 
structures during the transition is detected with CD and FT-IR measurement 
(Li et al. 2015). The conformational changes together with the protein 
dehydration leads to the hydrophobic-hydrophobic interaction, which 
facilitates the formation of micro-sized assemblies of Rec1 – resilin. 

1.7.4 Resilin-based biomaterials 

Elastic resilin hydrogel can be generated by cross-linking the expressed rec 1-
resilin encoded by exon 1 of D. melanogaster (Elvin et al. 2005). With the 
development of genetic engineering, different functions can be integrated to 
resilin by fusing bioactive domains, e.g. for cell adhesion, material degradation, 
growth factor delivery, and cell differentiation (Su et al. 2014, Li et al. 2013, 
Renner et al. 2012). Due to its extraordinary mechanical properties, RLP has 
potential for biomedical applications, such as scaffold (Renner et al. 2012). 
Arginylglycylaspartic acid (RGD) cell binding sequence has been fused to RLP 
to improve the stem cell adhesion and spreading (Renner et al. 2012). To mimic 
the naturally degradable extracellular matrix (ECM) environment, matrix 
metalloproteinases (MMPs)-sensitive sequence has also been added to RLP to 
increase the enzymatic sensitivity, thereby promoting the degradation of the 
protein hydrogel (Li et al. 2013). A heparin-binding domain has also been 
included in resilin-based proteins to mediate the heparin binding and growth 
factor delivery (Charati et al. 2009).  

1.8 Modular Fusion proteins 

Nature provides a broad variety of multifunctional proteins and utilizes them in 
a very precise way to make extraordinary materials. In laboratory, we can also 
tailor the functions of proteins through genetic engineering. Two or more genes 
that originally code separate proteins can be joined together to create a fusion 
gene. Translation of this fusion gene results in a polypeptide with combining 
functions derived from each of the original proteins, called fusion protein. 
Fusion proteins with domains have specific affinity to different materials could 
be constructed and applied at the interfaces to tune the interaction of different 
components. 

A fusion protein which has two separate domains, each with a specific affinity 
for different components, graphene and CNF was constructed to modify the 
interface between CNF and graphene in nanocomposite (Laaksonen et al. 
2011a). The graphene binding domain is a fungal hydrophobin called HFBI, 
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which has been proved to peel off graphene sheet from graphite with the 
assistant of ultrasonication. The second functional domain is CBM, which could 
bind to cellulose surface. As presented in Figure 12, using the fusion protein 
combining different binding abilities, graphene which is one of the strongest 
material and CNF could be combined to make composite. The mechanical 
properties of the resulted composite film are much stiffer than those of just 
physically mixed films, which indicated the function of the fusion protein at the 
graphene and cellulose interface.  
 

 
Figure 12. (a) Schematic of fusion protein HFBI-DCBD. At the molecular level, there are two 
functional blocks of the fusion protein HFBI-DCBD and its target surfaces, that is, graphene and 
CNF. (b) The fusion protein is able to assemble at the interface between cellulose and graphene. 
(Adapted from Laaksonen et al. 2011) 

Due to the high resilience and remarkable fatigue lifetime, resilin-based 
materials have the potential for engineering mechanically active tissues, e.g. 
cartilage (Li and Kiick 2013). In order to improve its biocompatibility, multiple 
biologically active domains, including cell binding domain, proteolytic 
degradation domain and protein/polysaccharide binding domain, were fused to 
resilin like polypeptide as presented in Figure 13 (Charati et al. 2009). The 
recombinant materials exhibit good mechanical properties and cell adhesion 
behavior. 
 

 

Figure 13. Schematic and amino acid sequence of resilin-like polypeptide (RLP) fusions with 
multiple biologically active domains.(Adapted from Charati et al. 2009) 
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2. Materials and methods 

In this chapter, the materials and methods used in this thesis work are 
described. The main materials involving nanocellulose (cellulose nanocrystals 
(CNCs) and cellulose nanofibrils (CNFs)) and the genetic engineered proteins 
(resilin fusion proteins and glycosylated hydrophobins) are discussed in the 
materials section. The main characterization methods are discussed in Methods 
section. More details can be found in attached Paper I-IV. 

2.1 Materials 

2.1.1 Cellulose nanocrystals (CNC) 

The CNC used in Paper I was prepared by HCl vapor hydrolysis method 
developed by Kontturi et al. (2016) (Kontturi et al. 2016b). The Whatman filter 
paper was hydrolyzed in a desiccator saturated with hydrochloric acid vapor for 
4 h at around 22°C and then rinsed with deionized water to remove the 
remained acid. The CNC suspension was prepared using a wet-milling 
technique performed in a planetary ball mill (Pulverisette 7 Premium, Fritsch 
Co., Idar-Oberstein, Germany). A total of 1 g of coarsely ground CNC was wetted 
with 6 mL of water in the milling bowl containing 30 g of milling pearls 
(zirconium oxide, diameter 1 mm). The wet paste of CNC was milled at 1100 rpm 
for 8 × 3 min, with a pause of 15 min in between. After milling, the CNC paste 
was separated from the grinding pearls by sieving and washing with deionized 
water. 

2.1.2 Cellulose nanofibrils (CNF)  

CNF used in Paper II were prepared by fluidizing never-dried fully bleached 
sulphite hardwood (Birch) pulp obtained from a Finnish pulp mill (kappa 
number 1; DP 4700; fines removed (SCAN-M 6:69)). The pulp was washed to 
the sodium form according to Swerin et al. to control both the counter ion type 
and ionic strength (Swerin et al. 1990). The washed pulp was disintegrated by 
passing through a high-pressure fluidizer (Microfluidics M110P, Microfluidics 
Int. Co., Newton, MA) for six times. Non-chemical or enzymatic pretreatment 
was used prior to disintegration. 
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2.1.3 Expression, production and purification of the resilin fusion 
proteins 

 
Construction of Resilin Expression Plasmids and T. reesei. Strains Synthetic 
genes encoding the Rec1-resilin (RLP) and Rec1-resilin flanked with CBMs 
(CBM-RLP-CBM) were codon optimized for Trichoderma reesei and 
synthesized. The T. reesei CBHII (cellobiohydrolase II; Cel6A) CBM is placed at 
the N-terminus and the T. reesei CBHI (cellobiohydrolase I; Cel7a) CBM at the 
C terminus of the CBM-RLP-CBM construct. An N-terminal eight histidine-tag 
and a C-terminal Strep tag (WSHPQFEK) were added to the proteins to enable 
affinity purification. The synthetic gene fragments were cloned into expression 
plasmids containing cbh1 promoter, secretion carrier and terminator, 
hygromycin selection marker, and targeting sequence for the cbh1 locus. The 
RLP and CBM-RLP-CBM were expressed as CBHI carrier protein fusions with 
a KEX2 protease cleavage site, NVISKR, between the carrier and the RLP or 
CBM-RLP-CBM protein (Landowski et al. 2016). The RLP construct (pHYB49) 
was cloned by Golden gate cloning (Sarrion-Perdigones et al. 2011) into a 
destination plasmid, pJJJ395, using the BsaI restriction enzyme. The ligation 
product was transformed to Top10 E. coli cells and selected on kanamycin plates 
by blue-white screening to identify clones containing the insert. The CBM-RLP-
CBM construct (pAWP116) was cloned by yeast homologous recombination 
(Colot et al. 2006) into the pTTv248 expression plasmid, together with CBHI 
carrier fragment. After plasmid rescue from yeast the plasmid was transformed 
into Top 10 E. coli cells and selected on ampicillin plates. The correct assembly 
of the RLP (pHYB49) and CBM-RLP-CBM (pAWP116) plasmids were verified 
by restriction enzyme analysis and by DNA sequencing. The transformation 
cassettes were cut from the vectors with PmeI restriction enzyme and purified 
from agarose gel. The cassettes were transformed to protease deficient 
Trichoderma reesei strains (Landowski et al. 2015) essentially as described 
(Penttilä et al. 1987) and were selected for hygromycin resistance on plates 
contai hygromycin B. Transformants were screened by PCR 
for correct integration of the constructs to the cbh1 locus (Table 1). The final 
strains were designated RLP and CBM-RLP-CBM.  

 
Table 1. PCR-primers used for screening of T. reesei transformants. 

Name Sequence Use 
T095 GCTGTTCCTACAGCTCTTTC 5’ end integration in cbh1 
T096 AGCCGCACGGCAGC 5’ end integration in cbh1 
T008 GGTTGACTTACTCCAGATCG 3’ end integration in cbh1 
T047 CCTATGAGTCGTTTACCCAGA 3’ end integration in cbh1 
T685 GCCTTTGGGTGTACATGTTTG cbh1 ORF 
T908 TGGCCAGTCAGCTGGGAGCC cbh1 ORF 

 
Production of proteins. Trichoderma reesei strains expressing the CBM-RLP-
CBM (M1438) or the RLP (M1912) protein were grown in 24 well plates in 
TrMM plus 40 g/L lactose, 20 g/L spent grain extract, 8.6 g/L diammonium 
citrate, 5.4 g/L NaSO4, 100 mM PIPPS at pH 4.5, shaking at 28 °C at 800 rpm 
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(Infors AG). TrMM contains 15.0 g/L KH2PO4, 2.4 mM MgSO4·7H2O, 4.1 mM 
CaCI2·H2O, 3.7 mg/L CoCI2, 5 mg/L FeSO4·7H2O, 1.4 mg/L ZnSO4·7H2O, and 
1.6 mg/L MnSO4·7H2O. The T. reesei fungus secreted the CBMRLP- CBM and 
RLP proteins into the culture medium. A total of 1 L of culture was grown for 5 
days in 24-well plates (5 mL per well in multiple plates). The growth medium 
was filtered through a glass microfiber filter to remove the mycelium and 0.5 
mM phenylmethylsulfonyl fluoride (PMSF) was added to the clarified culture 
supernatant for stabilization. The reference protein dCBM was produced by 
linker digestion of hydrophobin (HFB)-dCBM with trypsin (Malho et al. 2015).  
 
Purification of proteins. The RLP and CBM-RLP-CBM contained a 
polyhistidine tag, which allowed purification by immobilized metal chelating 
chromatography (IMAC). Filtered culture supernatant was loaded on chelating 
sepharose FF (GEHealthcare, U.K.), previously equilibrated with 20 mM 
sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 10 mM 
imidazole. Elution was performed using 500 mM imidazole. The fractions of the 

 Blue Stain, Pierce) and after 
blotting to nitrocellulose filters, by Western blotting. The membrane was 
blocked with 5% nonfat milk in TBST buffer (50 mM Tris, 150 mM NaCl, 0.05% 
Tween, pH 7.4) and then probed with streptactin-AP 35 conjugate (1:2000 in 
TBST, IBA Gmbh) and chromogenic detection with NBT/BCIP (Promega). The 
pooled protein sample was gel filtrated on a Bio-Gel P6DG (Bio-Rad) column to 
DDIW as a final purification step. The peak fractions were pooled and 
lyophilized. The amino acid sequences of CBM-RLP-CBM and dCBM are shown 
in Figure 1. The protein construct has two different CBM units CBMCBHI and 
CBMCBHII (Arola and Linder 2016b).  

2.2 Methods 

2.2.1 Film formation 

All the CNF films in Paper II and III were prepared by vacuum filtration of 
diluted CNF suspensions. Certain amount of proteins were mixed together with 
CNF and obtained a final concentration of 2 g L-1 for the CNF. After mixing, the 
samples were tip sonicated for 1 minute using a Branson S-450D sonifier with 
1/8” stepped microtip to help the dispersion of additives into the CNF network. 
After sonication, the suspensions were filtrated through membranes (Durapore 
GVWP, 0.22 mm, Millipore, US), the cellulose fibrils formed a wet cake and it 
was then dried at ambient conditions. 

2.2.2 Tube formation 

CBM-RLP-CBM solution was cross-linked into a solid material using 
Horseradish peroxidase (HRP) (Elvin et al. 2005). A solution of CBM-RLP-CBM 
(200 g L-1) containing 20 g L-1 HRP was drawn into a porous Teflon tube (1 mm 
diameter) and the end of tube was sealed. The sealed tube was then immersed 
into H2O2 solution with a concentration ranging from 40 mM to 160 mM for 24 
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h. The formed CBM-RLP-CBM tube was removed and stored in water for further 
analysis.  

2.2.3 Shear rheometry  

Rheology is the study of flow and deformation of materials under applied forces 
which is routinely measured using a rheometer (Macosko 1996). Soft materials, 
like colloidal suspensions, emulsions or polymer systems are viscoelastic 
materials, so their mechanical properties are between that of a purely elastic 
solid and a viscous liquid. Dynamic rheology also known as oscillatory rheology, 
is a valuable tool for studying such behavior. Oscillatory measurements involve 
the application of a sinusoidal stress wave to a sample, at controlled amplitude 
and frequency and measuring the resultant strain wave response. In oscillatory 
shear rheometry, the sample is placed between a fixed base plate and an upper 
rotationally oscillating plate as shown in Figure 14. The relationship of the 
applied stress wave to the resultant strain wave is described by the phase angle 
( ). The tangent delta (tan ), calculated as G”/G, describes the ratio of viscous 
and elastic portion in the material. If tan  =0, the material is fully elastic, and 
if tan  G’, provides information about the 
elastic nature of the material or tells how solid like of the material. The G”, 
characterizes the viscous nature of the material or how liquid like of the 
material.  

 
Figure 14. Oscillatory rheology measurement with plate-plate geometry. The CNF suspension 
was placed between the plates.  

In paper II, the rheological behavior of CNF suspension in the presence of 
cellulose binding resilin fusion protein was evaluated in terms of the viscoelastic 
properties, expressed as the form of storage and loss modulus. The 
measurements were performed by inducing a small shear deformation in the 
sample and measuring the resultant stress response. The sample was placed 
between two plates which has scratched surface to avoid slippage between the 
sample and the plate. In the employed set up, the bottom plate remained 
stationary, while the top plate rotated in an oscillation mode. The elastic or 
storage modulus (G’) and viscous or loss modulus (G”) were obtained from the 
oscillation measurements. 
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2.2.4 Morphology characterization 

 
Atomic force microscopy 
Atomic force microscopy (AFM) is a type of scanning probe microscopy with 
very high resolution. It is very useful in imaging biological samples. Compared 
with electron microscopy, it does not need complicated sample preparation and 
the sample can be imaged even in liquid using a liquid cell setup. The basic 
principle of AFM is shown in Figure 15. A laser beam is reflected on the free end 
of the cantilever, which carries a tip. When the tip moves up and down due to 
the surface topography, it causes the deflection of laser beam, which strikes on 
a position-sensitive photo-detector consisting of four-segment photo-detector. 
The differences between the segments of photo-detector of signals indicate the 
position of the laser spot on the detector and thus the angular deflections of the 
cantilever.  

 
Figure 15. The basic principle of AFM imaging. (Adapted from Slideshare) 

For soft biological samples, tapping mode is normally used to minimize the 
friction and the force applied between tip and sample. In this mode, the 
cantilever is oscillating near its resonant frequency. Ideally, the tip only touches 
the sample at the very end of its downward movement. When the tip comes close 
to the surface, the interaction forces between the tip and the sample surface, e.g. 
van der Waals forces, electrostatic forces, will change the amplitude of the 
cantilever. The change of cantilever amplitude is used as feedback parameter to 
control the height of the cantilever above the sample (Geisse 2009).  

The morphology and topography of CNC (Paper I), CNF and CNT (Paper III) 
dispersions were characterized with AFM. The samples were prepared by drop 
casting of the solutions on silicon wafer, having been pre-treated with ozone to 
make the surface more hydrophilic. AFM is a high-resolution type of scanning 
probe microscopy. Compared with other electron microscopy, it has the 
advantage of imaging in ambient conditions or in liquid. Besides, the accurate 
diameter of the individual cellulose fibril can be obtained. Since nanocellulose 
is a relatively soft biological material, tapping mode AFM was used for imaging 
in this work. In tapping mode, the cantilever is driven to oscillate up and down 
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at or near its resonance frequency and the tip is briefly touching the surface to 
avoid damage.  

Scanning electron microscopy (SEM). SEM is used for the surface 
morphology characterization in this study. In Paper I and Paper III, the CNC 
dispersions and resilin coacervate suspensions were prepared by drop casting 
of the samples on silicon wafer. In Paper IV, the cross-sections of the 
nanocomposite films were created by cracking the films in liquid nitrogen. All 
the samples were imaged using a field emission scanning electron microscope 

eV. All the 
samples were sputtered with a thin layer of gold/platinum (Emitech 
K950X/K350) to prevent the charging of the samples. 

Confocal laser scanning microscopy (CLSM). Confocal microscopy was used 
to study the autofluorescence of CBM-RLP-CBM tube. The microscope used was 
a Zeiss LSM 710 (Carl Zeiss Microscopy GmbH, Jena, Germany). The images 
were obtained using 5 x objective lens with excitation and detection wavelengths 
of 405 nm and 410-514 nm respectively.  

Cryo-Transmission electron microscopy (Cryo-TEM). Cryo-TEM allows the 
observations of the biological samples in their native environment without 
being dehydrated, stained or fixed. The sample is preserved by rapid freezing at 
-180°C and the water vitrified as presented in Figure 16.  In Paper I and III, the 
Cryo-TEM samples were prepared by placing 3.0 μL aqueous dispersion on a 
200-mesh copper grid with either holey carbon support film (CF-Quantifoil) 
and plunge freezed in 50/50 liquid propane/ethane mixture using vitrobot with 
2 seconds blotting time under 100% humidity.  The transmission electron 
microscopy (TEM) images were collected using JEM 3200FSC field emission 
microscope (JEOL) operated at 300 kV in bright field mode with Omega-type 
Zero-loss energy filter. The images were acquired with GATAN DIGITAL 
MICROGRAPH software while the specimen temperature was maintained at -
187°C. 

 
 

Figure 16. “Classic” specimen preparation by plunge-freezing. Aqueous sample solution is 
applied onto glow-discharged (hydrophilic) holey carbon film supported by EM grid. Excess 
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solution is removed with filter paper from one or both sides. Blotted grid is rapidly plunged into a 
cryogen precooled at liquid nitrogen temperature. Biomolecules embedded in thin amorphous ice 
film are  observed in cryo-electron microscope. (Adapted from Murata and Wolf 2017) 

2.2.5 Quartz crystal microbalance with dissipation monitoring   

QCM-D was used to characterize the binding of CBM-RLP-CBM on cellulose 
surface in Paper II. It is a technique providing in-situ information on the 
molecules adsorption on solid surface and the viscoelastic properties of the 
adsorbing layer (Dixon 2008).  
The typical setup of QCM contains water cooling tubes, the retaining unit, 
quartz crystal resonator, an oscillation source, and a measurement and 
recording device (Figure 17). The quartz crystal resonator is the active 
component of a QCM, which is a thin quartz crystal disc sandwiched between a 
pair of electrodes. Due to the piezoelectric properties of quartz crystal, it can be 
excited to oscillate at their resonance frequency by applying a voltage across the 
electrodes. The oscillation frequency will change if there is mass deposited on 
the surface. This technique measures the mass adsorption/desorption of 
molecules in solvent. In this study, aqueous buffers were used as the solvent.  

 
Figure 17. The typical setup of QCM. The quartz crystal sensor was coated with CNF to produce 
a cellulose surface (from A to B), and then the protein solution was injected to study its interaction 
with cellulose surface (from B to C). (Adapted from Khan et al. 2016) 

For a rigid film, the adsorbed mass can be estimated from the change of the 
resonant frequency by using the Sauerbrey equation: m = Cn  

where C (17.7 ng cm 2 Hz 1 at f0 = 5 MHz) is the mass sensitivity constant and n 
is the overtone number. The Sauerbrey equation is valid for rigid, evenly 
distributed, and sufficiently thin adsorbed films. The Sauerbrey equation was 
used for estimating the indicative number of molecules adhered to the surface.  

In soft adsorbed films that differ significantly from the underlying sensor 
surface by their viscoelasticity, the Sauerbrey relation underestimates the 
adsorbed mass because the propagation of the shear acoustic wave in the 
adsorbed layer does not follow the shear oscillation of the sensor crystal. The 
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viscoelastic properties of the adsorbed layer in QCM-D are analyzed by 
measuring the dissipation changes ( ). The dissipation is measured by turning 
off the driving voltage and recording the decay of the amplitude as a function of 
time. The dissipation factor (D) is defined as:  
 = 2  

Where Ediss is the energy dissipated during one oscillation cycle and Estored is the 
total energy stored in the oscillating system.  

The gold-coated quartz crystal sensors with fundamental frequency near 5 
MHz were cleaned with acidic piranha solution. The cleaned quartz crystals 
were then coated with CNF using a spin-coater (Model WS-650SX-6NPP, PA, 
U.S.A.) to prepare cellulose thin films (Figure 17). For spin coating, a 0.01% 
water suspension of CNF was applied at 3500 rpm spinning rate. The QCM-D 
experiments were performed using a Q Sense E4 instrument (Biolin Scientific, 
Sweden). The changes in resonance frequency, f, and dissipation, D, were 
recorded. Under the conditions of the non-rigid films, the Voigt viscoelastic 
model was used to estimate the thickness of the film.  

2.2.6 Dynamic light scattering 

Dynamic light scattering (DLS) is a technique for measuring the size 
distribution profile of particles in suspension, typically in sub-micron region. In 
a typical DLS measurement, a sample is exposed to a monochromatic wave of 
light and the incident light scatters in all directions as long as the particle size is 
small compared to the wavelength, and the scattering intensity is recorded by a 
detector. The scattering intensity fluctuates with time due to the Brownian 
motion of the particles and the motion depends on the particle size, temperature 
and solvent viscosity (Williams 2001). The larger the particle, the slower the 
Brownian motion will be. The information on the size of particles can be 
obtained by monitoring the movement of particles over a time range.  
 

 
 
Figure 18. A schematic diagram representing hydrodynamic diameter. (Adapted from Sinha et 
al. 2017). 

The diameter that is measured in DLS is the hydrodynamic diameter, which 
refers to the effective particle movement in a liquid as presented in Figure 18. It 
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is calculated from the translation diffusion coefficient by using the Stockes-
Einstein equation: = 3  

Where Dh is the hydrodynamic diameter, kB is Boltzmann coefficient (1.38 × 
10 23 kg m2 s 2 K 1), T is an absolute temperature,  is the viscosity of medium, 
and D is the translational diffusion coefficient. The hydrodynamic diameter of a 
non-spherical particle is referred to the diameter of a sphere that has the same 
translational diffusion speed as the particle. Take the rod-shaped particle as an 
example, the small changes in the diameter are hard to be detected by DLS, but 
the changes of length will affect the size detected.  
The mean particle size of dispersed CNC (Paper I) and resilin fusion protein 
coacervates (Paper IV) were determined by photon correlation spectroscopy 
(PCS) on a Malvern Zetasizer 3000 (Malvern Instrument, Malvern, U.K.). For 
each sample, three measurements were performed to take the average.  
The zeta potential of resilin fusion protein (Paper II) was measured by 
electrophoretic light scattering on a Zetasizer Nano ZS (Malvern Instrument, 
Malvern, U.K.). To measure the  potential of the protein molecules, an electric 
field is applied to the solution. The molecules start to move under the electric 
field. The moving molecules scatter light with different frequency than the 
original laser and the frequency shift is proportional to the speed of the particles 
(Doppler shift). The molecules velocity is deduced from the Doppler shift and 
then used for the calculation of  potential (Bhattacharjee 2016). 

2.2.7 Mechanical tensile test 

Tensile testing is a fundamental materials science test in which a sample is 
subjected to a controlled tension until failure while measuring the applied force. 
A tensile stress-strain curve will be obtained after the measurement. The 
mechanical properties, such as Young’s modulus, ultimate tensile strength, 
maximum elongation, toughness, yield point and strain hardening could be 
obtained from the stress-strain curves. A typical stress-strain curve of a CNF 
film is presented in Figure 19. Young’s modulus can be calculated from the slope 
at the beginning of the curve, before the yield point. The yield point is the point 
where the nonlinear deformation or the plastic deformation begins. The strain 
hardening effect could be observed in the plastic deformation region, indicated 
by a concave shape of the curve. Strain hardening is a typical phenomenon for 
the cellulose composite that occurs due to the applied tensile stress, caused by 
the orientation and relaxation of the entangled fibrils. 
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Figure 19. A schematic tensile stress-strain curve of the CNF film. 

Before the tensile tests, the film samples were conditioned at the desired 
humidity overnight. The films were cut into 2 mm wide slices and their thickness 
was measured with a film thickness measurement setup composed of a 
displacement sensor (LGF-0110L-B, Mitutoyo), digital reader (EH-10P, 

14 comparator 
stand, Mitutoyo). Tensile tests were performed on 5kN Tensile/compression 
module (Kammrath & Weiss GmbH, Germany) using 100N load cells by 
employing elongation speed 0.5 mm min-1. The gauge length was 10 mm. 
For the resilin tube samples, the tensile testing was performed with different set 
up. One end of the tube sample was fixed on a linear actuator motor M-229.25S 
(Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany) with a clamp. The 
actuator motion was controlled using PI MikroMove 2.8.0.3 (Physik 
Instrumente GmbH & Co. KG, Karlsruhe, Germany). Another end of the tube 
was fixed on a force transducer (FORT25, World Precision Instruments, 
Sarasota, FL, USA), which was mounted on a motorized manipulator 
(DC3001R, World Precision Instruments, Sarasota, FL, USA). The force signal 
from the sensor was amplified, digitalized, and recorded using a MP100WSW 
data  acquisition system and software AcqKnowledge 3.7.0 (Biopac Systems 
Inc., Goleta, CA, USA). The speed of loading and unloading was 50 -1. The 
cross section of the tube was imaged with a 3D measurement microscope (VR-
3100, Keyence corp. Osaka, Japan) and the area was calculated with Image J. 

 

2.2.8 Circular Dichroism 

Circular dichroism (CD) is a common method used for the rapid detection of the 
secondary structures of peptides, proteins and nucleic acids. Briefly, the 
monochromatised light passed through a photo elastic modulator, which 
converts the linear polarised light into alternating left and right circular 
polarized light. The difference in absorption between left and right handed 
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circularly polarized light was detected with a photo multiplier tube (Greenfield 
2006). 
In Paper II, the CD spectra of CBM-RLP-CBM were measured with a Chirascan 
CD spectrophotometer (Applied Photophysics, Leatherhead, U.K.) at different 
pH values and temperatures. The CD spectra were recorded using a 1 mm cell 
and bandwidth of 1 nm from 240 to 190 nm UV light. The data is expressed in 
terms of molar ellipticity in deg cm2 dmol 1.  

 



 

33
 

3. Aims of the present study 

The overall objective of this work is to study how to use fusion proteins with 
multiple functional domains to modify the biointerface and tune the mechanical 
properties of nanocomposite materials. Nanocellulose is one of the strongest 
natural materials and resilin is one of the most elastic proteins, and both of them 
have good biocompatibility. Therefore, we combined them in attempt to build 
biocomposite structures with tunable mechanical properties.  
 
The specific aims of the thesis are as follows. 

1. Investigate the interactions between cellulose binding proteins and 
nanocellulose. Functionalize the surface of cellulose with nanoparticles 
via cellulose binding proteins.  

2. A recombinant protein containing cellulose binding module and resilin 
like polypeptide was exploited to create cellulose surfaces that display 
pH-responsiveness. 

3. Investigate the coacervation of resilin fusion protein and the influence 
of different terminal domains. 

4. Fabricate nanocellulose-based composites, and modify the interface 
between the building blocks with fusion proteins.  
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4. Results and discussions 

4.1 Biomolecular non-covalent modification of nanocellulose  

In composite materials, the interface between different components is very 
crucial for its mechanical properties. To enhance the interaction of cellulose 
fibrils and add new feature to cellulose material, we try to functionalize the 
cellulose surface with recombinant proteins consisting cellulose binding 
module.  The interaction between cellulose binding proteins and nanocellulose 
was investigated by QCM-D study and rheological measurements. The 
recombinant proteins used in this part are presented in Figure 20. The CBMs 
can be fused into other protein molecules through genetic engineering and 
therefore, adding the cellulose binding functionality to the fusion protein. 
dCBM is produced by coupling two CBMs together using a non-functional linker 
consisting of 48 amino acids. The CBMs are constructed based on the sequences 
of Trichoderma reesei Cel6A and Cel 7A. The HFBI-dCBM consists of a class II 
hydrophobin (HFBI) from Trichoderma reesei, which is connected to dCBM. 
The last recombinant protein is CBM-RLP-CBM, where the non-functional 
linker in dCBM is replaced by elastic RLP. 

 
 

Figure 20. Recombinant proteins used in this part. (a) double cellulose binding modules 
(dCBM), (b) hydrophobin-double cellulose binding module (HFBI-dCBM), (c) cellulose binding 
module-resilin like polypeptides-cellulose binding module (CBM-RLP-CBM). 

4.1.1 Nanocellulose-gold nanoparticle (GNP) assembly  

The binding properties of CBMs on different cellulose substrates have been 
investigated using tritium labelled protein in our previous studies (Arola and 
Linder 2016a). In this work, we tried to modify nanocellulose with dCBM and 
design nanocellulose-GNP hybrid nanostructures (Paper I). The gold 
nanoparticles (GNPs) were conjugated to CBMs through EDC-NHS chemistry 
to visualize the CBMs under electron microscope. In Figure 21 a, the GNP-
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labeled dCBMs were visualized with TEM showing that they bound to the 
surface of the CNC and formed a monolayer. In the reference sample, the GNPs 
were just physically mixed with dCBMs and CNC, and therefore the GNPs were 
randomly distributed and some of them even formed clusters due to the 
electrostatic interactions between the GNPs (Figure 21 b).  

 

Figure 21. TEM images of assembled gold nanoparticles on the surface of cellulose nanocrystals 
in the presence of dCBM (a) and reference (b).  dCBM was decorated with gold nanoparticles 
through EDC-mediated esterification. The inserts are the schematic presentation of the covalent 
conjugation of GNPs to dCBM (Fang et al. 2016). 

In Figure 21 a, the surface of the CNC was covered by a well-organized GNP 
monolayer. This is very interesting, because it indicates that the dCBMs only 
bind on the side of cellulose crystal and with certain distance. The binding site 
of CBMs has been studied previously using Valonia crystals as cellulose 
substrate (Lehtiö et al. 2003). The TEM images of the different binding 
experiments showed that the Cel7A and Cel6A CBMs bind along two sides of the 
Valonia crystals, but the binding density was not very high. The explanation for 
this may have been the drying artifact during the TEM sample preparation. The 
sample was prepared by drop casting a droplet on the TEM grid, which was let 
dry in the ambient conditions. During the drying process, the concentration of 
the protein increased, which drove more CBM bind to the CNC surface even 
though for the original protein concentration, there should have been much less 
CBM binding. The binding of the CBMs on cellulose surface is an equilibrium 
event and there are always unbound proteins in the solution. The amount of 
bound CBMs on the cellulose surface increased with increasing protein 
concentration until the binding reach a maximum value. The sample for the 
TEM imaging was very diluted, so there is only a small amount of dCBM binds 
to CNC. As the water evaporates, the concentration of dCBM increases which 
leads to the formation of a monolayer surrounding the CNC. 

Therefore, to check how the GNPs arranged in aqueous solution, cryo-TEM 
was utilized for the imaging. The cryo-TEM images confirmed that the GNP-
labelled dCBMs could bind to the CNCs even in actual solution state (Figure 
22a). According to the histogram of the distances between the GNPs to the 
nearest CNCs, most GNPs were located on the surface of CNCs with apparent 
zero distance (Figure 22a). A small fraction of GNPs were very close to the CNCs 
with a distribution around 6 nm, which corresponded well with the length of the 
PEG molecules capping the GNPs together with the size of the CBM. Another 
fraction of GNPs, which is further away from the CNCs, was probably the free 
GNPs in the solution. The binding of dCBM to cellulose is an equilibrium 
process and there are always free proteins which are not bound to cellulose. 
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Figure 22. Cryo-TEM image of the assembled gold nanoparticles on the surface of CNCs (a) and 
CNFs (b) in the presence of dCBM. The insert figure in (a) is the histogram of distances between 
GNP and the surface of CNCs. The column of 50 nm stands for those free unbounded GNPs.   

Similar experiments were performed on CNFs. The GNPs-labeled dCBMs were 
added to the CNF suspension and assembled onto the surface of nanofibrils as 
presented in Figure 22 b. In this work, we demonstrated that nanocellulose 
could be functionalized with CBMs and form hybrid structures with 
nanoparticles. What has been demonstrated here with GNPs could also be done 
by other functional nanoparticles, such as silver nanoparticles, magnetic 
nanoparticles, quantum dots et al. This opens up a route to integrate different 
nanoscale objects to design ordered and hierarchical nanostructures.  

4.1.2 Elastic resilin/cellulose interface 

The rec1-resilin has been reported to have both pH responsive highly elastic 
properties. Therefore, we created a recombinant protein, CBM-RLP-CBM, to 
obtain cellulose surface with a pH responsive elasticity (Paper II). The binding 
behavior of the CBM-RLP-CBM on cellulose surface at different pHs was 
studied with QCM-D. The experimental pH values were chosen so that the 
protein has negative (pH 8), neutral (pH 4.5) and positive surface charge (pH 
3) (Figure 23 a as a function of 
time are presented in Figure 23 b. The significant decrease of the resonance 
frequency after injecting proteins indicated the adsorption of CBM-RLP-CBM 
to cellulose surface. However, the amount of binding protein at different pHs 
varied a lot, which indicated that the interaction of CBM-RLP-CBM with 
cellulose surface has a pH depending behavior. The binding of the native fungal 
CBMs to cellulose is not very sensitive to pH (Linder et al. 1998),  so the different 
binding capacities of CBM-RLP-CBM at different pH values supposed to be 
derived mainly from the RLP molecules. 
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Figure 23. -potential of CBM-RLP-CBM at different pH values. (b) QCM-D adsorption 
curves showing the shift in resonance frequency at n=5, as CBM-RLP-CBM is adsorbed onto the 
CNF coated gold substrate at pH 3 (blue), 4.5 (black) and 8 (red). 

Further, an elastic and pH responsive interface was created with CBM-RLP-
CBM and CNF. The CBM-RLP-CBM was adsorbed on cellulose surface at pH 4.5 
(IEP), and then exposed to buffers at pH 4.5 and pH 2 repeatedly. The resonance 
frequency and dissipation response of the immobilized CBM-RLP-CBM to pH 
changes were presented in Figure 24 a. The thickness of the resulting protein 
film was estimated using the Voigt model and presented in Figure 24 b, which 
showed the consequent responses to the pH changes. 
 

 
Figure 24. Response of the immobilized CBM-RLP-CBM to pH changes between pH 4.5 and to 
pH 2 (a) and the estimated thickness based on Voigt model (b). 

4.1.3 Protein-enhanced CNC dispersion 

Native CNCs are high valuable materials with potential for many applications 
due to their good mechanical properties and optical properties. However, 
processing native CNCs are hindered by the difficulty of dispersing them into 
aqueous solutions. Because of the absence of surface charges, native CNCs have 
a high tendency for flocculation in aqueous dispersions. To improve the 
dispersion of native CNCs in water, cellulose binding proteins were utilized to 
enhance their colloidal stability by shielding the cellulose-cellulose interaction. 
The fusion proteins used in this study are two CBMs linked with a non-
functional linker (dCBM) and an N-terminal hydrophobin linked to two CBMs 
(HFBI-dCBM) (Paper I). 

Different amounts of dCBMs and HFBI-dCBMs were mixed with CNC and tip 
sonicated to disintegrate the macroscopic fiber-like particles into individual 
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nanocrystals. The amount of CNCs that remained in the supernatant after 
centrifugation was analyzed to evaluate the dispersion efficiency. The amount 
of the CNCs stabilized in the supernatant as a function of surfactant/CNC ratio 
are presented in Figure 25. A small amount of cellulose binding proteins, 
especially HFBI-dCBMs, can significantly improve the colloidal stability of 
CNCs. The dispersed CNCs in the supernatant reached the maximum value 
(around 30%) at the mass ratio of 0.05 and then saturated afterwards. The 
amount of the dispersed CNCs is limited due to the saturation of the bound 
proteins at the cellulose surface (Pönni et al. 2013).   

 

Figure 25. The percentage of the CNC dispersed and remained in the supernatant after 
centrifugation plotted against the additives/CNC ratios.  

The size of the CNCs dispersed with dCBM and HFBI-dCBM was measured with 
DLS to give insight into the changes of the CNC bundle size. The particle size 
decreased with increasing concentration of the cellulose binding proteins until 
the mass ratio reached 0.1 and then the particle size remained at around 350 
nm (Figure 26 a). The colloidal stability of the CNC suspension in long-term 
period was also investigated. The average particle size as a function of storage 
time was presented in Figure 26 b. For the dCBM stabilized CNC sample, the 
particle size increased rapidly from 370 to 530 nm and then slowly increased 
with time. The HFBI-dCBM/CNC sample has a similar trend at the beginning, 
but the particle size rapidly increased from the fifth day. The reason for the rapid 
increase could be that the HFBI could form multimers in aqueous solution and 
therefore, caused the aggregation of the CNCs during storage. 
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Figure 26. The changing of particle size along with addition of proteins (a) and storage time (b). 

4.2 Coacervation of resilin fusion proteins  

Proteins can undergo liquid-liquid phase transition to form liquid droplets, 
which is known as coacervation. In biological systems, coacervation is served to 
locally concentrate proteins, thereby achieving certain functions and activities 
(Tan et al. 2015, Strzyz 2015). Recent studies show that the terminal domains 
play an important role in biological coacervation process (Jiang et al. 2015, 
Molliex et al. 2015, Lin et al. 2015). Take RNA-protein (RNP) granules as an 
example, many RNP proteins contain RNA binding domains and unstructured 
regions. The unstructured region is sufficient for coacervation, but the RNA 
binding domain promotes this process by enhancing the protein interactions, 
thereby drive the droplet formation (Lin et al. 2015).  
Rec1-resilin is intrinsically disordered protein, which has been reported to form 
temperature-induced coacervates (Li et al. 2015). In this study, resilin fusion 
proteins with different binding domains were designed to investigate how 
different terminal domains affect the coacervation process and the functionality 
of the formed coacervate phase (Paper IV). Three different constructs, the 
resilin-like polypeptide (RLP), RLP with cellulose binding modules at both 
terminal ends (CBM-RLP-CBM) and RLP with double CBMs at the N-terminal 
and a hydrophobin at the C-terminal ends (dCBM-RLP-HFBI), were designed 
and their schematics are shown in Figure 27 e-f respectively. The 
hydrophobicity index of the RLP sequence shows that, it has repetitive 
hydrophobic and hydrophilic patterns (Figure 27 d), indicating that it has high 
tendency to form self-assembly. Hydrophobin (HFBI) is an amphiphilic protein 
that forms multimers in aqueous solutions due to the hydrophobic interactions 
between the hydrophobic patches (Linder et al. 2005). The CBMs are the non-
catalytic domains of the cellobiohydrolase enzyme, which could bind to the 
cellulose surface (Palonen et al. 1999). CBMs and HFBI were added to RLP by 
fusion of different terminal domains and their effects on RLP coacervation were 
investigated as the first step towards creating composite materials. 
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Figure 27. Schematics. (a) Hydrophobin (HFBI) form tetramer due to the hydrophobic 
interactions. (b) Cellulose binding module (CBM) binds to the surface of cellulose. (c) Schematic 
structure of resilin like peptide (RLP). (d) Hydrophobicity index of RLP. (e) RLP. (f) CBM-RLP-
CBM. (g) dCBM-RLP-HFBI. 

In the first part, we studied how pH and protein concentration affect the 
coacervation process. Protein solutions with different concentrations were 
mixed with phosphate buffers at different pHs and then analyzed with dynamic 
light scattering to obtain the average size of the coacervate particles. The size 
distribution of coacervate particles as a function of pHs and protein 
concentrations are shown in Figure 28. For both RLP and CBM-RLP-CBM, the 
higher the protein concentration, the larger coacervate particles formed. The 
CBMs did not have significant effect on the size of coacervate particles. At the 
isoelectric point (IEP), which is 4.9 for RLP and 4.5 for CBM-RLP-CBM, no 
micrometer-sized coacervate particles formed. Above pH 6, the micrometer-
sized particles started to form and the size kept increasing with elevated pH. 

 
 
Figure 28. Phase diagram of RLP and CBM-RLP-CBM coacervate. The concentration of 
sodium phosphate buffer was 500 mM. The size was measured with DLS. 
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To further investigate the inner structure and morphology of the coacervate 
particles, the Cryo-TEM tilt series was collected and then using electron 
tomographic reconstruction to obtain the 3D structure of a single coacervate 
particle. From the 3D reconstruction of the CBM-RLP-CBM coacervate shown 
in Figure 29, the coacervate particle is very spherical and the internal structure 
is porous. The z-stacking confocal microscopy image in Figure 29 f shows that 
the coacervate particle has very homogenous structure and is not hollow as the 
fluorescence distributed evenly for the surface to the inside of the coacervate.  
 

 
 
Figure 29. Structure characterization of CBM-RLP-CBM coacervate. (a) TEM micrographs at tilt 
angles of +67°; b) 0° and c) -67°; d) 3D reconstruction of CBM-RLP-CBM coacervate formed at 
pH 7.14 and the cross sectional view (e). (f) The SEM image of the coacervate dried by solvent 
exchanging. The insert in (f) is the confocal microscopy image. The scale bar is 1 μm. 

Another construct, dCBM-RLP-HFBI was also investigated in this study to 
investigate how the amphiphilic protein, HFBI, affect the coacervation process. 
As shown in Figure 30, instead of forming separated particles, the dCBM-RLP-
HFBI formed coacervate clusters. The coacervate droplets adhered to each other 
but did not coalesce to form larger droplet (Figure 30 a). When they were dried 
at ambient conditions, some of the coacervate particles were stretched into the 
elongated shape (Figure 30 b). A possible explanation for the coacervate cluster 
formation is that the HFBI has the tendency to form multimers due to the 
hydrophobic interactions in aqueous solutions.  
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Figure 30. (a) Confocal microscopy image of dCBM-RLP-HFBI coacervate. (b) SEM image of 
dCBM-RLP-HFBI coacervate dried on silicon wafer at room temperature. The coacervate was 
formed with 5 g/l protein and 500 mM phosphate buffer at pH 7.14. 

In conclusion, the CBMs do not have clear effect on the coacervation process of 
RLP, while HFBI strongly increased the particle-particle interactions of the 
coacervates. The specific affinities and functionalities could be added to the 
resilin-like proteins by fusion of terminal domains, e.g. CBMs and HFBI, which 
could be utilized for building multicomponent nanocomposite with CNF and/or 
graphene/CNT.  

4.3 Protein-enhanced functional nanocomposites 

CNF is a good component for high performance materials due to its 
extraordinary mechanical properties. CNF forms hydrogel in a relatively low 
weight to volume. After freeze-drying or supercritical drying, the CNF hydrogel 
forms light-weight aerogel. The never-dried CNF hydrogel can be well- 
dispersed in water and then vacuum filtrated to produce highly flexible and 
transparent films (Nguyen Dang and Seppälä 2015, Toivonen et al. 2015). 
However, the interaction between the cellulose fibrils are mainly van der Waals 
interactions and electrostatic force, which are relatively weak. In Paper II, we 
used CBM-RLP-CBM to cross-link the fibrils and tune the mechanical 
properties of the CNF composite. In Paper III, a glycosylated hydrophobin 
FpHYD5 was used to disperse CNT into the CNF network to make the 
conductive films. Instead of using CNF as matrix, the long fibrils can also be 
utilized as fillers. In paper V, small amount of CNF will be added to the resilin 
hydrogel to improve the stretchability.  

4.3.1 Tuning the mechanical properties of  CBM-RLP-CBM cross-linked 
CNF film 

Different methods and compounds have been used to cross-link cellulose fibrils 
to enhance their interactions. One simple method is to utilize the formation of 
ester bonds between the carboxyl and hydroxyl groups upon heating, for 
example, poly acrylic acid (PAA) was added to the cellulose matrix and cross-
linked the fibrils by heating (Spoljaric et al. 2013). Phenolic resins, melamine 
formaldehyde and epoxy et al. were also used for covalent cross-linking in 
cellulose composites (Nakagaito and Yano 2005, Henriksson and Berglund 
2007). The covalent cross-linking is normally very efficient and the strength of 
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the composite usually can be improved. However, the covalent cross-links are 
permanent and therefore add difficulties for post and reprocessing. Besides, 
most of the covalent cross-linking methods need heating and include harmful 
chemicals, which is not sustainable and environment friendly.  

An alternative way for covalent cross-linking of CNF is the supramolecular 
cross-linking, such as physical cross-linking CNF hydrogel with metal ions. The 
physical cross-links are typically weaker than covalent ones and normally 
reversible, therefore they can be potentially served as sacrificial bonds for 
dissipating energy during deformation. Polysaccharides or carbohydrates, such 
as xyloglucan, methyl cellulose which bind to the cellulose surface, can 
physically cross-link the CNF by multivalent physical interactions (Mammen et 
al. 1998, Jean et al. 2009, Majoinen et al. 2014). In Paper II, fusion protein 
CBM-RLP-CBM was used to cross-link the fibrils as schematically presented in 
Figure 31. 

 

 
Figure 31. Schematic of using resilin fusion protein with cellulose binding modules at both C 
terminal and N terminal to cross-link cellulose fibrils and tune the mechanical properties of 
cellulose film.  

The interactions of CBM-RLP-CBM with CNF in bulk solutions were studied 
with shear rheology. Our hypothesis is that the CBMs in CBM-RLP-CBM will 
bind to different fibrils and therefore cross-link them. The cross-linking of CNF 
will be indicated by the increased storage modulus in the rheology 
measurement. The successful cross-linking of CNF with double CBMs with a 
non-functional linker has been reported (Malho et al. 2015). In this work, we 
replaced the non-functional linker with high elastic polypeptide to dissipate 
energy under applied stress, therefore make cellulose nanocomposite with high 
toughness.  

From 5% to 80% CBM-RLP-CBM (based on CNF wt%) were added to the CNF 
suspension and the storage modulus as a function of time is shown in Figure 32. 
The diluted CNF suspension was very fluidic, and the storage modulus was 
nearly zero. With the addition of CBM-RLP-CBM, the storage modulus 
increased significantly until the amount of protein reached 20%. The significant 
increased G’ shows the cross-linking of cellulose fibrils by cellulose binding 
proteins. The saturation of storage modulus at around 20% protein is due to the 
saturated binding capacity of CBMs on CNF, which is in accordance with some 
previous observations (Malho et al. 2015).  
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Figure 32. Shear storage modulus of the CNF-protein mixtures at different CBM-RLP-CBM 
concentrations. The percentage describes the amount of protein in relation to CNF. The CNF 
concentration is 2 g/l in all measurements (Fang et al. 2017). 

In the rheology test, the cross-linking of the cellulose fibrils through the CBM-
RLP-CBM in aqueous solution was already observed. To investigate how CBM-
RLP-CBM functionalize CNF in dry condition, different amount of CBM-RLP-
CBM was added to the CNF suspension to make film and the mechanical 
properties of the films were measured at 50% RH and 80% RH (presented in 
Figure 33 and Figure 34 respectively). In all conditions, a pristine CNF film 
without the addition of protein was used as control. At both 50% and 80% RH, 
with the addition of CBM-RLP-CBM, the Young’s modulus and yield stress of 
the composite films were increased, but the maximum strain decreased. At 80% 
RH, the CNF films were generally much softer than at 50% RH indicated by the 
decreased of modulus from 7.8 GPa to 4.5 GPa and the increased maximum 
stain from 12.5% to 17%.    
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Figure 33. Tensile strain-stress curves of CNF and CBM-RLP-CBM/RLP nanocomposites at 50% 
RH (a). The Young’s modulus, toughness and yield stress values are shown in (b), (c) and (d) 
respectively. 

The CNF films became stiffer but more brittle due to the cross-linking via the 
CBM-RLP-CBM. The elastic properties of the RLP were not transferred clearly 
to the CNF film properties, one possible reason would be the dehydration of the 
RLP. The elasticity of resilin is reported to be very sensitive to the hydration 
state (Truong et al. 2011). The RLP without the CBMs was used as reference to 
confirm the cross-linking effect created with CBMs (Figure 33). Compared with 
the CNF/CBM-RLP-CBM films, the yield stress of the CNF/RLP film was much 
lower, which confirmed that the CBMs could cross-link the fibrils. Above the 
yield point, there was clear strain hardening of the pristine CNF film, especially 
at 80% RH. This is typical for CNF films, indicating the orientation of fibrils 
under the applied stress. At higher humidity, there are more water molecules 
penetrating into the film and competing with interfibril hydrogen bonding, and 
thus making the fibrils much easier to slip and orientate. With the addition of 
CBM-RLP-CBM, there was no strain hardening at 50% RH, indicating the 
slipping of fibrils was locked by the cross-linking of CBM-RLP-CBM. However, 
at 80% RH, there was still strain hardening effect with addition of 20% CBM-
RLP-CBM. This could be explained by the high elasticity of RLP exhibits in 
humid conditions (Truong et al. 2011).  
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Figure 34. Tensile strain-stress curves of CNF and CBM-RLP-CBM nanocomposites at 80% RH 
(a) and the Young’s modulus, yield stress and toughness are shown in (b), (c) and (d) respectively. 
Unmodified CNF film (black), CNF film with 20% CBM-RLP-CBM (red), CNF film with 50% (blue), 
CNF film with 80% CBM-RLP-CBM (green). 

4.3.2 Tune the mechanical properties of cross-linked CBM-RLP-CBM 
tube with CNF 

Biological materials slowly grown into hierarchical structures by precisely 
integrating objects with different length scales. Although self-assembly is very 
powerful for controlled structures on nano- and mesoscale, it is often difficult 
to build structures having several levels of hierarchy at a larger scale (Laaksonen 
et al. 2009). In this work, an elastic tube with well-defined structure was created 
by enzymatic cross-linking of the rec1-resilin recombinant protein. The 
mechanical properties of the protein tube was tuned with the addition of small 
amount of CNF.  

Several methods have been reported to cross-link resilin, including 
photochemical method using [Ru(bpy)3]2+, Mannich-type reaction using 
[tris(hydroxymethyl) phosphino] propionic acid (THPP) and enzymatic method 
using hydrogen peroxidase (Elvin et al. 2005, Li et al. 2011, Fancy and Kodadek 
1999). In this work, the horseradish peroxidase (HRP) was used to cross-link 
the tyrosine residues in CBM-RLP-CBM molecules (unpublished data). As 
presented in Figure 35, the H2O2 molecule diffused into a porous Teflon tube 
and cross-links the CBM-RLP-CBM molecules embedded in the tube. With the 
formation of a dense layer of cross-linked CBM-RLP-CBM, the diffusion of H2O2 
slows down leading in less dense cross-links and a homogenous porosity inside 
the Teflon tube.  The CBM-RLP-CBM tube has autofluorescence and the 
thickness of the tube was very uniform as shown in the confocal microscopy 
images.  



Results and discussions 

47
 

 

 
 

Figure 35. (a) Schematics of the cross-linking process of RLP fusion protein. The protein solution 
pre-mixed with peroxidase was injected into porous Teflon tube and then sealed and immersed 
into H2O2 solution. (b) and (c) Confocal microscopy image of the CBM-RLP-CBM tube. 

For biomedical applications, the mechanical properties of the material often 
need to meet certain criteria. Therefore, we did tensile testing measurement for 
the protein tube (described in experimental part). One end of the tube was fixed 
between two clamps and another end of the tube was fixed with clamps, which 
were connected to a force transducer. The tube was first stretched to some 
extent, which was known below the ultimate strain, held for a while, then went 
back to the initial point, repeated for couple of times and then stretched further 
until break. A represent pulling test is presented in Figure 36 a. The elastic 
modulus was calculated from each stress relaxation cycle and summarized in 
Figure 36 b. The ultimate strain and stress were calculated from the last stretch 
and presented in Figure 36 b and c respectively.  
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Figure 36. Tensile test data of cross-linked resilin tubes. (a) A typical pulling test showing the 
time dependent stress during consecutive pulling and relaxing cycles of 200 g/l CBM-RLP-CBM 
containing 1 wt-% of CNF and cross-linked with 80 mM H2O2. (b) The elastic moduli calculated 
from the pulling curves. (c) The maximum strain and (d) the maximum stress calculated from the 
last pulling cycle respectively.

4.3.3 Designing conductive cellulose films 

SWCNT has been utilized in many applications, including composite, 
conductive coatings, microelectronic devices et al. due to its extraordinary 
mechanical and electronical properties (De Volder et al. 2013). Several studies 
on the CNF/SWCNT composites have been published, but the SWCNT was only 
physically mixed with the CNF to increase the conductivity of the CNF film. In 
this work, pristine SWCNT and the amphiphilic protein-decorated SWCNT 
were added to the CNF suspension to make films and the mechanical and 
electronical properties of the composite films were analyzed (Paper III). 
FpHYD5 is a glycosylated hydrophobin, which has a well defined hydrophobic 
patch on one side and a glycosylated hydrophilic side. Therefore, it can both 
bind to CNT and have interaction with CNF as presented in Figure 37.  
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Figure 37. Schematic of the carbon nanotubes functionalized non-covalently by glycosylated 
hydrophobins. The carbohydrates of the proteins and cellulose associate via supramolecular 
interactions (Fang et al. 2018). 

The binding capacity of FpHYD5 on SWCNT was investigated by incubating the 
SWCNT together with FpHYD5 for 1 h and then centrifuging the samples to 
separate the unbound protein with the SWCNT. The unbound protein in the 
supernatant was analyzed with UPLC and the resulting binding isotherm is 
presented in Figure 38. The Langmuir isotherm was fitted to the data to give the 
binding capacity and binding affinity. The maximum binding capacity was 73 ± 
4 μmol, which is equal to 0.73 g of protein per gram of SWCNT. The binding test 
confirmed that the glycosylated hydrophobin could bind to the highly curved 
surface of SWCNT and has potential to be used for the modification of carbon 
nanotubes. We chose a protein to cellulose ratio of 0.45 to functionalize the 
SWCNT in this study instead of the maximum binding point, because it has been 
noted in the previous study that the presence of unbound hydrophobin may lead 
to undesired flocculation of CNF (Laaksonen et al. 2011b). Therefore, we chose 
a protein amount under the saturation binding to avoid a large access of 
unbound proteins in the CNF suspension.  

 

Figure 38. Binding isotherm of FpHYD5 on SWCNT. The point marked with a blue star is the 
amount of FpHYD5 that employed for the modification of SWCNT in the nanocomposites 
structures. The unbound protein/free protein in the supernatant after centrifugation is measured 
with UPLC.  
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The stress-strain curves of the CNF, CNF/SWCNT and CNF/SWCNT/FpHYD5 
films measured at 50% and 80% RH were presented in Figure 39. At 50% RH, 
the addition of 2% SWCNT had a slightly stiffening effect, but there was no 
improvement for the strength. The addition of higher amount of SWCNT 
decreased the mechanical strength of CNF composite, which has been observed 
in other studies as well (Hamedi et al. 2014). One explanation is that the surface 
of the pristine carbon nanotube is very hydrophobic and therefore there is no 
sufficient interaction between the SWCNT and CNF. Thus, glycosylated 
hydrophobin which could bind to SWCNT was used to modified the SWCNT 
surface to enhance its interaction with cellulose fibrils. With the addition of 2% 
FpHYD5-decorated SWCNT, there was a significant improvement of the 
strength, which indicated the surface modified SWCNT could interact more 
strongly with the CNF matrix compared with the plain SWCNT. At 80% RH, all 
the films were softened. The hydrogen bonding-dominated CNF matrix was 
clearly lubricated by the introduction of water molecules. The strength of 
CNF/SWCNT/FpHYD5 sample lowered the most due to the high humidity, 
which means it was plasticized the most.  

 
Figure 39. Tensile stress-strain curves measured at (a) 50% relative humidity and (b) 80% 
relative humidity. The dashed line represents the nanocellulose paper, the red solid line 
nanocellulose with 2 wt % of SWCNT and the black solid line the nanocellulose with 2 wt % 
FpHYD5-functionalized SWCNTs. 

The electric conductivity of the CNF films containing SWCNT and FpHYD5 
decorated SWCNT was studied by measuring the sheet resistance using the van 
der Pauw geometry. The specific resistivity and conductivity were calculated 
from the measured sheet resistance and the film thickness. The difference 
between the conductivities of the samples having plain SWCNTs and FpHYD5 
decorated SWCNT was remarkable, almost a decade. Since CNF is not 
conductive, the improved conductivity can only come from the better dispersion 
and arrangement of SWCNT in CNF matrix. Even though FpHYD5 alone did not 
show the enhanced dispersion of SWCNT, but the conductivity results indicated 
that the amphiphilic proteins assembled at the interface of CNF and SWCNT 
and enhanced the interaction between them.  
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Table 2. Measured sheet resistance and the calculated specific resistivity and conductivity of the 
films containing 2-5% of carbon nanotubes. Samples containing the FpHYD5 protein are labeled 
with the asterisk. 

SWCNT/NFC 
(wt%) 

Sheet 
-

1) 

Thickness  
(μm) 

Specific resistivity 
 

Conductivity  
-1) 

2 1.3·1010 8.7 1.2·107 8.7·10-8 
3 2.4·108 7 1.7·105 6.0·10-6 
5 3.8·105 7.8 3.0·102 3.4·10-3 

2.0* 1.9·1010 6.8 1.3·107 8.0·10-8 
3.0* 4.6·107 6 2.8·104 3.6·10-5 
5.0* 1.1·105 6.6 7.0·101 1.4·10-2 
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5. Conclusions and future perspectives 

Nanocellulose as a new family of natural materials has attracted increasing 
attention due to its unique features. It presents huge potential in the fields of 
sustainable materials, nanocomposites, as well as tissue engineering and 
biomedical devices. Resilin is another interesting material from nature, which 
has high resilience, high fatigue lifetime and multi-stimuli responsiveness. For 
materials science, combining the properties of individual components and 
generating new composite structures for different applications is very 
interesting but also challenging task. 
In this work, we functionalized the cellulose surface with recombinant proteins, 
including cellulose binding proteins, resilin like polypeptides and hydrophobin. 
Different goals have been achieved through the non-covalent modification, e.g. 
improved colloidal stability of non-charged CNC suspension, cellulose-gold 
nanoparticle assemblies, elastic and pH-responsive cellulose interfaces and 
tunable mechanical properties of cellulose nanocomposites. Besides, we also 
investigated the coacervation of resilin fusion proteins with different terminal 
domains. By this route, protein coacervates showing selective adhesion to 
different substrates, e.g. cellulose and graphene surface, could be synthesized.  
In the final study, we designed an elastic resilin-based tube, which potentially 
could be utilized for biomedical applications. Cellulose and resilin hydrogels 
have been heavily investigated for biomedical applications, however, the 
inflammatory response of resilin and cellulose is still not fully understood. In 
the future study, the investigation of safety of biological nanomaterials still 
requires more effort.  
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