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 Recent attention has focused on the use of renewable resources as an alternative to 

petroleum-based polymers. Fudge et al. (2010) demonstrated that hagfish slime threads, which 

are composed of “keratin-like” intermediate filament (IF) proteins undergo an α→β transition 

when strained and when exposed to glutaraldehyde, mechanical properties further improved. 

Negishi et al. (2012) showed that fibres produced from solubilized hagfish slime threads did not 

possess comparable mechanical characteristics to native slime threads and were unable to 

assemble into 10 nm filaments. In this study, fibres were produced from solubilized recombinant 

vimentin protein and assembled vimentin filaments. Solubilized protein fibres did not display 

mechanical properties as impressive as fibres made from filaments assembled in the presence 

Mg
2+

 and glutaraldehyde. Additionally, X-ray diffraction analysis of fibres cross-linked with 

Mg
2+

 showed an α→β transition when draw-processed. These data show that fibres produced 

using IFs can potentially be used for production of sustainable protein polymers. 
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1.1 Background  

For over 6,000 years, humans have been using biological fibres in the form of yarns 

produced from wool, as well as silks and cottons. Beginning in the 20
th

 century when petroleum 

prices were low and stable, petroleum-derived synthetic polymers such as Nylon, were 

introduced and their retail sales began to compete with those of biological fibres. Synthetic 

polymers remain attractive as their material properties are controllable and they possess a high 

degree of repeatability whereby fibres of different lengths, diameters and material properties can 

be produced. As our supply of natural resources such as petroleum depletes, the need to produce 

fibres from alternative sources is becoming more and more necessary. Industries are now 

envisioning a future that is based on the use of renewable resources, shifting away from the 

production of petroleum-based polymers and moving towards sustainable, protein-based 

materials with similar physical characteristics as existing synthetic polymers. 

 

1.2 The current state: protein-based polymers as a renewable resource 

Spider dragline silk 

Dragline silk from the golden-orb weaver spider (Nephila clavipes) is one of the toughest 

materials known due to its stiffness, elasticity, and high tensile strength (Seidel et al., 1998). The 

synthesis of spider silk protein takes place within silk glands in the abdomen which lead to a 

series of external spigots known as spinnerets (Winkler and Kaplan, 2000). The silk is made up 

of two different proteins, the major ampullate spidroin (MaSp) 1 and 2 (Sponner et al., 2005; 

Parkhe et al., 1997). Each of these contains polyalanine repeats that form a β–sheet crystallite 

secondary structure, as well as another part which forms an amorphous polymer matrix (Seidel et 

al., 1998). It is this amorphous region that results in the elasticity of spider dragline silk, while 
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the β-sheet crystals account for the stiffness and strength (Seidel et al., 1998). While the silk 

produced by Bombyx mori has a tensile strength of approximately 500 megapascals (MPa), and 

an extensibility of 15%, the silk produced by the golden-orb weaver displays superior 

mechanical properties with a strength of 1300 MPa and an extensibility of 40% (Shao and 

Vollrath, 2002).  

Due to the predatory nature of the spider, these animals cannot be raised in areas with 

dense populations. This makes industrial scale production using live animals, as occurs with 

silkworms, unfeasible. An alternative approach is to produce the protein using recombinant 

methods (Altman et al., 2003); however, attempts to use Escherichia coli (E. coli) as an 

expression vector have not been successful. E. coli is used as a common recombinant protein 

expression vector for a variety of reasons. As a gram-negative bacterium, E. coli has rapid 

growth rates and is able to express high densities of recombinant proteins (Baneyx, 1999). 

However, the large size and repetitive nature of the genetic sequences within spider silk genes 

makes it difficult to maintain expression of the proteins in bacterial systems (Arcidiacono et al., 

1998; Lewis et al., 1996). In addition, the propensity of the proteins to form β-sheet crystallites 

renders the material insoluble, and toxic solvents such as hexafluoroisopropanol are needed to 

solubilize the proteins for spinning. This therefore defeats the goal of manufacturing a 

sustainable product (Fudge et al., 2010). Because of such issues, attention has been shifting to 

the use and characterization of other proteins that can be used for protein-based fibre production.  

 

Honeybee silk  

Silks spun by honeybee larvae (Apis mellifera) are produced in modified salivary glands 

known as labial silk glands, and are encoded by four small, non-repetitive genes. Native proteins 
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assemble into cigar-shaped bodies, that are about 3-40 µm long in the gland and have been 

shown to contribute to the mechanical strength and thermal stability of the beehive (Flower and 

Kenchington, 1967; Weisman et al., 2010). Previously, NMR had revealed that the structure of 

honeybee silk proteins are predominantly α-helical but also contains β-sheets (Weisman et al., 

2010). Using E. coli as an expression vector, researchers were able to produce full-length 

recombinant honeybee silk protein and fibres were spun by preparing a concentrated silk dope 

and suspending this dope (<40 µl) between tweezers in air (Weisman et al., 2010). Fibres 

produced using honeybee silk proteins had a tensile strength of 150 MPa and an extensibility of 

47% (Weisman et al., 2010).  

 

Hagfish slime threads 

When hagfish (class Agnatha, order Cyclostomata) are physically disturbed, they produce 

a slime, which acts as a defense mechanism (Lim et al., 2006). This slime is the result of the 

mixing of the products of two cell types with seawater: gland thread cells (GTCs) and gland 

mucous cells (GMCs) (Spitzer and Koch, 1998). The GTC within the slime gland of the hagfish 

produces a single, large thread biopolymer, which is assembled from intermediate filaments (IFs) 

and is approximately 1-3 µm in diameter (Downing et al., 1981; Fudge et al., 2003). When 

completely unraveled, these threads are approximately 10-20 cm in length (Fudge et al., 2003). 

These threads are made up of two proteins, α and γ, which have been classified as “keratin-like” 

proteins, as they possess most of the important properties of intermediate filaments (IFs) and 

they self-assemble in vitro into 10 nm filaments (Fudge et al., 2003). Recent work by Fudge et 

al. (2010) found that, when threads are strained, the native α-helices open up, and they are able to 

form β-sheets with neighboring proteins. The stacking of these sheets forms a β-crystallite 
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structure, which contributes to the strong mechanical properties of this thread (Fudge et al., 

2010). Additionally, research by Fudge et al. (2010) had found that upon exposing individual 

thread skeins in a stretched state to 8% glutaraldehyde solution for 30 minutes, native hagfish 

threads became very tough. As well, threads that were draw-processed were stronger, stiffer and 

less extensible when compared to unstretched threads (Fudge et al., 2010). 

The mechanical properties of native hagfish slime threads led to the work by Negishi et al. 

(2012), which produced fibres from solubilized Atlantic hagfish (Myxine glutinosa) slime thread 

proteins. In the method described in this study, hagfish thread skeins were lyophilized and a 

protein dope was prepared by stirring and solubilizing the lyophilized IF threads in 98% formic 

acid. Fibres were produced by applying 1 µl of the protein dope on top of an electrolyte buffer 

consisting of MgCl2, where a resultant film formed and was picked up using forceps. Fibres were 

either single-drawn or double-drawn to a length of about double the initial. Fibres double-drawn 

from 10% protein dope solutions had a stiffness of  4.2 ± 0.4 gigapascals (GPa) and a tensile 

strength of 153.6 ± 12.2 MPa, which was a large improvement from a stiffness of 0.9 ± 0.1 GPa 

and a tensile strength of 17.6 ± 2.7 MPa for single-drawn fibres. However, these properties are 

still a long way from native hagfish threads, which have a stiffness of 8.91 GPa and a tensile 

strength of 467 MPa, and even further from dry draw-processed slime threads, which have a 

stiffness of 7.99 GPa and an impressive tensile strength of 706 MPa (Fudge et al., 2010). Using 

X-ray diffraction, Negishi et al. (2012) found that fibres made of solubilized protein do not 

assemble into 10 nm filaments and do not contain the characteristic α-helical coiled coils that 

contribute to the strength and extensibility of native IFs (Herrmann and Aebi, 2004). In addition, 

native, draw-processed slime threads undergo an α→β transition which is believed to further 

increase their strength (Fudge et al., 2003); however, due to the lack of secondary structure this 
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is not possible in threads made up of solubilized protein. In this thesis, I tested the hypothesis 

that fibres made from solubilized IF proteins would not be as strong as fibres made from self-

assembled filaments due to their lack of secondary and tertiary protein structure as observed with 

fibres made from solubilized hagfish thread proteins. I tested this hypothesis by making fibres 

from IF proteins that were allowed to assemble into 10 nm IFs before spinning them into fibres 

and measuring their tensile mechanical behavior compared to fibres that were made from 

solubilized IF proteins.  

 

1.3 Intermediate filaments  

Intermediate filaments are encoded by at least 65 genes in humans, and are known as the 

“stress-buffering” components of metazoan cells (Herrmann and Aebi, 2004). They are grouped 

into six sequence homology classes based on their amino-acid sequence identities. These classes 

are (I) acidic keratins, (II) basic keratins, (III) vimentin, desmin, glial fibrillary acidic protein, 

syncoilin, (IV) neurofilament proteins, α-internexin, synemin α, synemin β, nestin, (V) nuclear 

lamins and (VI) phakinin and filensin (Iwatsuki and Suda, 2010). They are a major part of the 

cytoskeleton along with F-actin and microtubules where they play a passive mechanical role that 

helps cells withstand large mechanical stresses and strains (Fudge et al., 2009; Alberts et al., 

2007; Herrmann and Aebi, 2004).   

Structurally, IF proteins in all sequence homology classes share a common secondary 

structure (Kreplak et al., 2004). Their native structure contains a central α-helical rod domain, 

which is flanked by non-α-helical N- and C- terminal domains, and produces a double-stranded 

parallel coiled-coil (Kreplak et al., 2004). In vitro, the self-assembly of filaments begins with the 

formation of a parallel coiled-coil dimer. These dimers are then able to form tetramers and about 
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eight tetramers aggregate laterally when ionic strength is increased causing the formation of a 

unit-length filament (ULF). When these ULFs anneal longitudinally, they are initially about 300 

nm long within the first minute. From 3 minutes onwards, these filaments decrease in diameter 

and over the hour they become fully compacted, 10 nm filaments. In vitro, these self-assembled 

filaments are so long that free ends are barely observable (Kreplak et al., 2004; Cerda et al., 

1998; Figure 1.1). For the purpose of this study I will focus on vimentin, a 54 kilodalton (kDa) 

IF, which is found in mesenchymal (Herrmann et al., 2007). As a dominant element of the 

cytoskeletal system, vimentin has been found to anchor organelles within the cell and provide an 

important role in maintaining the integrity of the cytoplasm (Katsumoto et al., 1990; Goldman et 

al., 1996). The ability of this particular IF to self-assemble, as well as its’ importance in 

maintaining cell integrity makes vimentin an ideal model protein to utilize for the purpose of 

producing protein-based fibres.  

 

1.4 The α→β transition 

Irreversible structural changes of α-keratin IFs were first observed by Bendit (1957), who 

found that stretched α-keratins exhibited an α→β transition. Further X-ray diffraction data by 

Fraser et al. (1972) showed that the fibrous proteins found in wool, which are known to be 

keratin IFs, consist primarily of α-helices; however, Bendit (1960) showed that the stretching of 

these fibres in steam results in the formation of β-sheets. Furthermore, Fudge et al. (2003) found 

that unstrained hagfish threads exhibited a typical “α-pattern”, while strained threads contained a 

typical “β-pattern.” Under mechanical stress, the α-helical structure opens up and forms β-sheet 

structures with neighboring proteins through lateral bonding. Stacking of these sheets results in 

the formation of β-sheet crystallites, which contribute to the strong mechanical properties of 
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materials such as spider silks and many insect silks (Fudge et al., 2010; Qin et al, 2009; Lewis et 

al., 1996; Scheibel, 2005; Seidel et al., 1998; Winkler and Kaplan, 2000).  

 

1.5 Thesis objectives 

Fudge et al. (2003) have demonstrated that threads obtained from hagfish slime exhibit 

high strength, especially when these fibres are draw-transformed in water. Additionally, Negishi 

et al. (2012) have shown that fibres produced from films of solubilized thread proteins on top of 

an electrolyte buffer are not as strong as native fibres. Through X-ray diffraction analysis, fibres 

made from solubilized protein have also been shown to lack the strong α-helical and β-sheet 

structural features that one would typically see in native slime threads (Fudge et al., 2003; 

Negishi et al., 2012). Based on these observations, I asked the question: Why are the fibres 

produced from solubilized protein mechanically different from native fibres?  

In this thesis, I tested the hypothesis that any IF protein can be used to produce fibres 

from solubilized protein using the method described in Negishi et al. (2012). This hypothesis 

predicts that I would be able to produce similar films and therefore fibres, using solubilized 

vimentin protein. To test this hypothesis, purified recombinant vimentin protein was lyophilized 

and using the method developed by Negishi et al. (2012), I produced fibres by creating a film on 

top of a MgCl2 electrolyte buffer.   

Additionally, I also tested the hypothesis that in order to achieve high stiffness, strength, 

and toughness, cross-linking is required among proteins. This hypothesis predicts that cross-

linking would lead to the production of fibres that have stronger mechanical properties compared 

to those that are not cross-linked. To test this hypothesis, I made fibres from gels that were either 

cross-linked with the divalent cations Mg
2+

 or Ca
2+

, and in another treatment, I made fibres from 
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gels that were cross-linked with the divalent cations Mg
2+

 or Ca
2+

 and then exposed these fibres 

to an 8% solution of glutaraldehyde.  

I also tested the hypothesis that fibres made from solubilized proteins do not contain the 

α-helical coiled-coil structure that is seen in native slime threads, and therefore they are unable to 

make β-sheets and β-sheet crystallites, which is the basis of high stiffness, strength, and 

toughness of draw-processed slime threads. This hypothesis predicts that (1) fibres produced 

from vimentin filaments would display a similar secondary structure to native slime thread 

proteins and (2) these structural properties result in fibres that are stronger, stiffer, and tougher 

than ones that are made from solubilized protein. To test this hypothesis, I made fibres from gels 

of self-assembled 10 nm IFs and I also made fibres from solubilized vimentin proteins. These 

fibres were then characterized using tensile testing and X-ray diffraction.  

The studies presented in this thesis provide evidence that (1) fibres can be produced from 

other IFs such as vimentin using the method described by Negishi et al. (2012), (2) cross-linking 

of proteins increases fibre stiffness and strength and (3) vimentin proteins in fibres produced 

from self-assembled 10 nm IFs are able to undergo an α→β transition, which is likely the 

structural basis for the superior stiffness, strength and toughness of these fibres compared to 

those produced from solubilized vimentin protein.   
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Figure 1.1. The hierarchical structure of intermediate filament self-assembly.  Rod-like dimers 

composed of α-helical coiled coils form tetramers, which aggregate laterally to form ULFs. 

ULFs anneal longitudinally to form an open filament that radially compacts to form full-length 

10 nm intermediate filaments (modified from Qin et al., 2009).  
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2 CHAPTER 2: FIBRES ASSEMBLED FROM CROSS-LINKED 10 NM VIMENTIN 

INTERMEDIATE FILAMENTS EXHIBIT SUPERIOR MECHANICAL PROPERTIES 

COMPARED TO SOLUBILIZED VIMENTIN PROTEIN FIBRES 
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2.1  Methods and materials 

2.1.1 Protein expression 

A pDS5 plasmid containing an insert of the full-length human vimentin gene 

(NM_003380.3) was used to produce recombinant vimentin protein (Bujard et al., 1987). The 

plasmid was transformed into NovaBlue competent E. coli cells (Novagen, San Diego, CA, 

USA) using the protocol provided by the manufacturer. The plasmid DNA was then purified 

using the High Pure Plasmid Isolation Kit (Roche Diagnostics, Indianapolis, IN, USA), and sent 

to the College of Biological Science Genomics Facility for sequencing. This confirmed that the 

sequence of the insert was correct and that it was in the correct orientation in the plasmid.  

The plasmid containing the vimentin cDNA was transformed into BL21-Gold(DE3) 

competent cells (Agilent Technologies, La Jolla, CA, USA) and grown on Luria Bertani (LB) 

media agar (Appendix) containing 60 µg/ml carbenicillin using a method obtained from 

Herrmann et al. (2004). Growth plates were then incubated overnight at 37°C. The next day, 100 

mL of terrific broth (TB) (Appendix) containing 60 µg/ml carbenicillin was inoculated with 

approximately 10 colonies then grown overnight, shaking (250 rpm) in an incubator at 37°C. The 

next morning, seven flasks containing 1 L of TB and 0.05 mg carbenicillin were inoculated with 

10 mL from the overnight culture. These were grown at 37°C and shaken at 250 rpm for 10 

hours until an optical density (OD600) of approximately 1.8 was reached. The cells were then 

harvested by centrifugation (6000 g) for 5 minutes at 4°C. The resulting pellet was stored at -

20°C. A sample of this pellet was run on a 10% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and then stained with Coomassie Brilliant Blue G-250 (Bio-Rad, 

Hercules, CA, USA) to determine whether vimentin was present after transformation (Figure 

2.1A).  
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A modified protocol from Herrmann et al. (2004) was then used to isolate vimentin from 

inclusion bodies (Appendix). The frozen pellet from the above centrifugation was thawed and 

inclusion bodies were solubilized using a series of seven buffers (Appendix) in combination with 

sonication to enable isolation of the recombinant vimentin protein (Figure 2.1B). The supernatant 

was stored at -20°C until purification.  

 

2.1.2 Protein purification 

Fast Protein Liquid Chromatography (FPLC) was used to purify recombinant human 

vimentin by modifying a protocol from Herrmann et al. (2004). A Fast Flow diethylaminoethyl 

(FF DEAE) column (weak anion) was used first (Figure 2.2A). The recombinant human 

vimentin was diluted ten-fold using column running buffer (Herrmann and Aebi, 2004; 

Appendix). The 100 mL diluted sample was injected onto the column and approximately 250 mL 

of column running buffer (Appendix) was then run through the column to remove unbound 

proteins. Bound proteins were eluted using a buffer containing the column running buffer plus 

0.3 M KCl (Appendix). There were six incremental increases in the concentration of this buffer. 

These were 11.5, 15, 21, 31, 37 and 100%. Proteins that did not bind to the column, referred to as 

flow-through, as well as proteins that did bind, were eluted, collected and run on SDS-PAGE to 

determine whether recombinant human vimentin was present. The samples that contained the 

target protein were then further purified using a carboxy methyl (CM) sepharose (weak cation) 

column (Figure 2.2B). The column running buffer and elution buffers used were the same as the 

ones used for the first column; the only difference was that a three-step elution gradient was 

used. The concentrations of these steps were 11.5, 33 and 100% 0.3 M KCl. Again, eluted 

fractions were collected and run on SDS-PAGE to determine the location of the target protein as 
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well as purity. Eluted fractions from the CM sepharose column were pooled and stored at -20°C 

with 10 mM methylammonium chloride to prevent carbamoylation (Herrmann et al., 2004). 

Prior to filament assembly, pooled fractions were thawed on ice in preparation for 

dialysis. Dialysis tubing (Fisher Scientific, Nepean, ON, CA) with a molecular weight cut off 

(MWCO) of 12,000 to 14,000 daltons (Da) was used. The pooled fractions were dialyzed using 

methods obtained from Herrmann et al. (2004) whereby the recombinant human vimentin protein 

from the CM sepharose column was dialyzed into buffers (Appendix) of decreasing urea 

concentrations from 6, 4, 2, 0 M for 1 hour at a time, at room temperature. An additional step 

included dialyzing the sample in a freshly changed 0 M dialysis buffer overnight at 4°C. Once 

dialyzed, Aquacide II (EMD Millipore, Darmstadt, Germany) was used to concentrate proteins. 

The amount of Aquacide II used was enough to cover the tubing on both sides, and was 

continually replaced until approximately one half to one third of the initial volume remained.  

 

2.1.3 Measuring protein concentrations 

Samples of protein from four purification stages were stored at -80°C to be further used 

for Bradford assays. SDS-PAGE was used to show the four stages of the protein purification 

process (Figure 2.3), which were: (1) before any purification steps, (2) after purification using 

the FF DEAE column, (3) after the FF DEAE and CM sepharose columns, and (4) after 

concentrating the proteins using Aquacide II. 

 

2.1.4 Recombinant vimentin filament assembly 

Initially, filament assembly was initiated by adding a 500 µl volume of purified 

recombinant human vimentin protein to an equal volume of NaCl assembly buffer (NAB) 



 

 

15 

 

(Appendix). Filaments were assembled at room temperature for 1 hour (Herrmann et al., 2004). 

This method allowed for the formation of unit-length filaments, but full-length filament 

formation did not occur (Figure 2.5A). Next, a 500 µl volume of recombinant human vimentin 

protein was added to an eppendorf tube with an equal volume of NAB. Full-length filaments 

were assembled at 37°C for 1 hour in a water bath (Fig 2.5B). Transmission electron microscopy 

(TEM) was used to visualize filaments immediately after assembly at the electron microscopy 

unit at the University of Guelph. Filament assembly was arrested with a buffer containing equal 

parts of dialysis buffer (0 M urea) with the NAB and 0.2% glutaraldehyde (pH 7.5) (Appendix). 

An equal volume of this combined buffer containing 0.2% glutaraldehyde was added to the 

assembled filamentous solution right before visualization (TEM was carried out within 5 minutes 

of the addition of the 0.2% glutaraldehyde buffer). If visualization was not necessary post-

assembly, inhibiting assembly with 0.2% glutaraldehyde buffer was not carried out. 

 

2.1.5 Fibre production from assembled vimentin filaments gels 

Once filaments were assembled, two methods were used to produce fibres. The first 

method used was centrifugation, which proved to be a consistent and reliable method of fibre 

production. The second method involved extrusion into a methanol solution, which was not as 

consistent in producing fibres of similar diameters.  

 

Centrifugation of assembled filaments 

Assembled filament solutions were divided equally among ultracentrifugation tubes. 

Ultracentrifugation took place at a speed of 100,170 g, for 1 hour at 20°C (Herrmann et al., 

2004). The supernatant was discarded and a transparent, glass-looking film, made up of 
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assembled filaments, was present at the bottom of the ultracentrifuge tube. The pellet was pulled 

out of the tube and stretched between two forceps by about 1 mm. With a very quick initial 

stretch, the pellet tore and was unable to form fibres. With the addition of 10 µl of methanol on 

top of the fibre, fibres were produced by rolling the film fragment and further extending the fibre 

with forceps and then left to air-dry. This method proved to be inconsistent. In an attempt to 

make a looser pellet, the same ultracentrifugation was performed but at a slower speed of 84,483 

g for 1 hour. The supernatant was discarded and a more gelatinous, transparent pellet was present 

at the bottom of the ultracentrifugation tube. With forceps, the pellet was pulled out and 

stretched between two forceps again. With an initial stretch, this gelatinous pellet also 

fragmented.  

Previous research by Lin et al. (2010) showed that the addition of Ca
2+

 and Mg
2+

 causes 

vimentin networks to stiffen, while there is no effect on network morphology, suggesting that 

these divalent cations cross-link adjacent filaments within a network to increase mechanical 

properties. With this information, Ca
2+

 and Mg
2+

 (in the forms of CaCl2 and MgCl2, respectively) 

were separately added in concentrations of 16 mM to NAB and filaments were assembled at 

37°C in a water bath for 1 hour. After the hour of assembly, the contents in the eppendorf tube 

were noticeably thick and gelatinous. The two solutions were then centrifuged at 13,000 g for 1 

hour. After centrifugation, a visible gelatinous film formed on the inner sides of the eppendorf 

tube, which was then lifted with a pipette tip out of the tube where the film collapsed into a fibre. 

These fibres were air-dried overnight and then submerged in a 50% methanol, 50% water bath 

where they were stretched between two forceps and left to air-dry overnight. Fibres made using 

this protocol will be referred to as the “NAB” treatment.  
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Cross-linking with glutaraldehyde 

Fibres were also prepared using the NAB protocol and then further cross-linked with 

glutaraldehyde. Once fibres were produced and draw-processed using the centrifugation methods 

above, they were exposed to an 8% glutaraldehyde solution for 30 minutes and then chemical 

cross-linking was stopped by replacing the glutaraldehyde solution with dH2O (Fudge et al., 

2010). Fibres were then left to air dry.  

 

Extrusion into methanol 

After assembly, recombinant human vimentin filament solutions were loaded into a 1 mL 

syringe and extruded through a 25 G syringe needle (BD Medical, New Jersey, USA) into a 

coagulation bath containing 90% methanol, 10% water. This method was unsuccessful in 

producing fibres of a consistent diameter. Furthermore, transfer of fibres from the methanol 

solution to air without straining them was difficult, and this could have also played a role in the 

variability of fibres produced.  

 

2.1.6 Fibre production from solubilized vimentin protein 

For the second major fibre production method, fibres were produced from solubilized 

recombinant human vimentin protein using a method described in Negishi et al., (2012). Initially, 

pooled fractions from the CM sepharose column were dialyzed in dialysis tubing (12,000 to 

14,000 Da MWCO) (Fisher Scientific). The dialysis took place in dH2O, over 3 days with 3 

dH2O changes. Once dialyzed, the sample was stored at -80°C until completely frozen. When 

frozen, the sample was lyophilized using a Virtis AdVantage freeze dryer over multiple days, 

depending on the volume and when this was completed, the lyophilized protein was stored at -



 

 

18 

 

80°C. When ready for use, the solubilized recombinant human vimentin protein was kept at 

room temperature, the protein was weighed and a protein solution was made by dissolving the 

protein in 98% formic acid (Acros Organics, Geel, Belgium) to produce a 10% (w/v) 

concentration. The solution containing formic acid and protein was stirred in a closed container 

at room temperature for 3 hours and centrifuged at 13,000 g for 20 minutes. This yielded a small, 

white, unsolubilized pellet at the bottom of the tube which was discarded and the supernatant 

containing the solubilized protein was used immediately for fibre production.   

 

Film and fibre formation using MgCl2 

Using a method described by Negishi et al. (2012), magnesium chloride (MgCl2) was 

prepared at two concentrations (100 mM and 200 mM) in 20 mM HEPES (pH 7.5) (Sigma-

Aldrich Co., Oakville, ON, Canada) (Appendix). A total of 1 mL of this electrolyte buffer was 

placed in a glass well and a 1 µl volume of the protein solution was applied to the surface of the 

buffer. After approximately 20 seconds, fibres were formed by picking up the film that formed 

with forceps and draping the fibre over a 1 cm gap in a square of Nylon mesh to air dry at room 

temperature. Fibres produced using 100 MgCl2 were much less consistent than those produced 

using 200 mM MgCl2. Transferring the fibre from the buffer interface to air to the nylon mesh 

proved to be difficult without straining. Once air-dried, a second group of those fibres were 

submerged in a 50% methanol, 50% water solution and stretched to approximately double their 

original length (from approximately 2 cm to 4 cm). These fibres will be referred to as the 

lyophilized single-drawn and lyophilized double-drawn treatments.  Additionally, a 10% bovine 

serum albumin (BSA) (w/v) solution was prepared and stirred with 98% formic acid to act as a 

control. The application of a 1 µl volume of this protein solution was unable to produce fibres.  
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Film and fibre formation using polyDADMAC 

Polydiallyldimethylammonium chloride (polyDADMAC) was also used as a polycationic 

electrolyte buffer (Yeh et al., 1996). PolyDADMAC was prepared at various concentrations (5, 

2.5 and 1.25%) in 20 mM HEPES (pH 7.5) (Appendix). A total of 1 mL of this electrolyte buffer 

was placed in a glass well and a 1 µl volume of the lyophilized recombinant human vimentin 

protein solution was applied to the surface of the buffer. After approximately 20 seconds, fibres 

were formed by picking up the film that formed with forceps and draping the fibre over a 1 cm 

gap in a mesh to air dry at room temperature. Once air-dried, a group of those fibres were 

submerged in a 90% methanol, 10% water solution and stretched to double their original length. 

Gravimetric analysis suggested that the polyDADMAC was being incorporated into the fibres in 

large quantities relative to the vimentin protein, and therefore this method of fibre production 

was not pursued further.    

 

2.1.7 Structural analysis  

Small-angle X-ray scattering (SAXS) analysis was used to determine the molecular 

structure of NAB/Mg
2+

 fibres. Fibres were either single-drawn or draw-processed. SAXS 

patterns were acquired with a Bruker AXS Nanostar system equipped with a Cu Kα (λ = 1.54Å) 

source. Single-drawn and draw-processed fibres were bundled separately and the ends were 

adhered to a card stock with a 5 mm window using double-sided adhesive tape (Negishi et al., 

2012). Single-drawn and draw-processed fibres were produced from the same batch of bacteria, 

but purified at two separate times.  
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2.1.8 Tensile testing 

Fibres were mounted onto a cardstock paper frame and glued at both ends using Elmer’s 

Carpenter’s wood glue. Using a Nikon Eclipse 90i Epifluorescent microscope and NISElements 

AR v.6 software, fibre diameters and lengths were measured. Cross-sectional areas were 

calculated by taking an average of 10 different locations evenly distributed along the length of 

the fibre. Tensile tests of fibre types were performed using an Instron single column universal 

testing machine (model 3343) (Instron, Norwood, Massachusetts, USA), with a 10 N load cell 

and a constant crosshead speed of 0.3 mm/min. Measurements were taken at room temperature 

(23°C) and at a relative humidity of 34 - 37%.  

Break stress (MPa) was calculated as a measure of the ultimate stress that is required to 

break the material; while break strain (mm/mm) was calculated as a measure of the extensibility 

of the material. Young’s modulus (GPa) was calculated to provide a measure of the stiffness of 

the material and strain energy was calculated as a measure of the fibres’ toughness, which is a 

representation of the amount of energy per volume that the material can absorb before fracturing. 

 

2.1.9 Statistical analysis 

Statistical analyses were conducted using SigmaPlot for Windows (v. 12.3). A two-way 

ANOVA was used to look at the effects and interactions of the treatment (NAB and 

glutaraldehyde) and assembly conditions (NAB, NAB/Mg
2+

, NAB/Ca
2+

, glutaraldehyde/NAB, 

glutaraldehyde/NAB/Mg
2+

 and glutaraldehyde/NAB/Ca
2+

). All ANOVA results that indicated 

significant differences (p < 0.05) were then followed by Holm-Sidak post-hoc analysis. A t-test 

was used to compare the mean values of the various mechanical properties of lyophilized fibres 

that were single-drawn or double-drawn. Young’s modulus and strain energy data for lyophilized 
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fibres were log-transformed to normalize data before statistical testing.  
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2.2 Results 

 

2.2.1 Protein harvesting from inclusion bodies 

The use of SDS-PAGE indicated that vimentin was being expressed in inclusion bodies 

(Figure 2.1A, lane 1). A protocol to harvest proteins from inclusion bodies (Appendix) was used 

and results from SDS-PAGE indicated that the combination of buffers, sonication and a final 

buffer of 9.5 M urea were successful in releasing the vimentin protein into the supernatant for 

purification (Figure 2.1B, lane 2). 

 

2.2.2 Protein purification 

Proteins extracted from the inclusion bodies were purified using a FF DEAE column 

followed by a CM sepharose column. Figure 2.2A is a chromatogram generated by the FPLC 

during a typical FF DEAE column run demonstrating the protein being eluted at two different 

steps at a concentration of 0.1 M KCl. Approximately 150 mL of purified protein was collected 

from peaks C and D. A typical chromatogram output from the CM sepharose column is shown in 

Figure 2.2B showing the protein being eluted at 0.3 M KCl. On average, 35 mL of protein was 

eluted at peak C.  

SDS-PAGE was used to show the stepwise purification of the target protein with each 

subsequent protocol (Figure 2.3). The change in the total amount of vimentin protein following 

each step was determined using a Bradford assay (Figure 2.4). These results demonstrate that the 

methods used produced a highly pure product. From ~530 mg of bacterial proteins present in 7 L 

of bacteria, I was able to produce ~118 mg of purified protein, representing a ~20% production 

efficiency.  
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2.2.3 Filament assembly and fibre production 

Initially, fibres were assembled for 1 hour using NAB at room temperature and this 

resulted in the formation of ULFs (Figure 2.5A). NAB was then used to assemble filaments for 1 

hour at 37°C and this resulted in the formation of full-length filaments that could be used for 

fibre production (Figure 2.5B). Full-length filaments were then used with one of six different 

assembly conditions to produce fibres (Figure 2.6).   

 

2.2.4 Structural analysis  

SAXS analysis was performed to compare differences in secondary structure of fibres 

made from vimentin filament suspensions that were either single-drawn or draw-processed. The 

results of the SAXS experiments were displayed on two-dimensional (2D) intensity maps of the 

reciprocal space (Figure 2.7). Scans were measured at 20°C and ~50% relative humidity. Fibres 

analyzed were from the NAB/Mg
2+

 assembly condition and both single-drawn and draw-

processed SAXS patterns revealed substantial amounts of secondary structure. The results for the 

single-drawn fibres (Figure 2.7A) revealed an “α-pattern” while draw-processed fibres (Figure 

2.7B) revealed a “β-pattern” as shown in similar x-ray diffraction patterns for unstrained and 

draw-processed hagfish slime threads (Fudge et al. 2003). The “α-pattern” displayed an 

equatorial reflection at 9.7 Å; however we were unable to see the meridional reflect at 5.2 Å as 

Fudge et al. (2003) had seen. The 9.7 Å corresponds to the average distance between adjacent α-

helices, while the 5.2 Å spacing corresponds to the α-helix pitch projection. The “β-pattern” had 

strong equatorial reflections at 9.7 Å and 4.8 Å, however, we were unable to see a meridional 

reflection at 3.3 Å as found by Fudge et al. (2003), which corresponds to the distances between 

residues in the polypeptide chain of the β-sheet conformation; the 4.7 Å equatorial reflection 
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represents the distances between chains in the β-sheet structure; and the 9.7 Å corresponds to the 

inter-sheet spacing (Kreplak et al., 2004).  

 

2.2.5 Tensile testing 

 

Break stress 

Two-way ANOVA analysis revealed that there was a significant main effect of 

glutaraldehyde treatment (p = 0.043), but no significant effect of assembly condition (p = 0.209) 

on tensile strength. There was a significant interaction between cross-linking treatment and 

assembly conditions as the effect of different cross-linking treatments depended on what level of 

assembly was present. NAB/Mg
2+

 fibres exhibited about a 96% greater break stress than NAB 

fibres and about a 74% increase when compared to NAB/Ca
2+

 fibres (p < 0.05). Within the 

glutaraldehyde treatment, glutaraldehyde/NAB fibres exhibited the greatest mean break stress, 

which was ≈43% greater than glutaraldehyde/NAB/Mg
2+ 

fibres and ≈34% greater than 

glutaraldehyde/NAB/Ca
2+ 

fibres. When lyophilized fibres were double-drawn, the mean break 

stress increased by about 3.5-fold when compared to those that were single-drawn. Among the 

fibres assembled with filaments, glutaraldehyde/NAB fibres exhibited the greatest break stress of 

142 MPa, while of the lyophilized fibres, double-drawn fibres exhibited the highest break stress 

when compared to single-drawn, of 72 MPa. These findings suggest that fibres produced from 

filaments possess superior tensile strength compared to fibres produced from solubilized 

vimentin protein (Figure 2.8).  

 

Break strain 
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Two-way ANOVA analysis revealed that there was a significant effect of the 

glutaraldehyde treatment (p = 0.011) and assembly condition (p < 0.001), as well as a significant 

interaction between the treatment and assembly (p < 0.001) on the break strain of fibres. Holm-

Sidak post-hoc analysis revealed that within the NAB treatment, there was a significant 

difference between NAB and NAB/Ca
2+

 (p < 0.001) as well as NAB/Mg
2+

 and NAB (p < 0.001). 

Post-hoc analysis also showed that within the NAB assembly condition, there was a significant 

difference between NAB fibres and glutaraldehyde/NAB fibres (p < 0.001). NAB fibres had the 

highest average extensibility (1.53), which was ≈122% greater than NAB/Mg
2+

 and ≈194% 

greater than NAB/Ca
2+ 

fibres (p < 0.05). Within the glutaraldehyde treatment, 

glutaraldehyde/NAB/Mg
2+

 fibres had a higher extensibility than glutaraldehyde/NAB and 

glutaraldehyde/NAB/Ca
2+

 fibres by ≈34% and ≈84%, respectively. Single-drawn lyophilized 

fibres exhibited an extensibility that was ≈46% higher than double-drawn fibres (Figure 2.9). 

 

Young’s Modulus 

Two-way ANOVA analysis revealed that there was a significant effect of glutaraldehyde 

on fibre stiffness (p = 0.012), but no effect of assembly condition on stiffness (p = 0.949). 

However, there was a significant interaction between the treatment and assembly conditions (p = 

0.001). NAB/Mg
2+

 fibres show a significantly greater stiffness when compared to NAB and 

NAB/Ca
2+

 fibres of ≈58% and ≈51%, respectively (p < 0.05). Within the glutaraldehyde 

treatment, glutaraldehyde/NAB fibres exhibited the greatest mean stiffness, which was an 

increase of ≈41% and ≈0.82%, when compared to glutaraldehyde/NAB/Mg
2+

 and 

glutaraldehyde/NAB/Ca
2+ 

fibres, respectively.  Overall, the fibre-type made from filaments that 

exhibited the greatest stiffness was glutaraldehyde/NAB fibres (2.45 GPa), which exhibited a 
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greater stiffness than lyophilized double-drawn fibres (2.28 GPa) and lyophilized single-drawn 

fibres (0.05 GPa) (Figure 2.10). 

 

Strain energy 

There was no main effect of glutaraldehyde on fibre toughness however; there was a 

significant effect of assembly condition on toughness (p < 0.044). Holm-Sidak post-hoc analysis 

revealed that there was a statistically significant difference of means of fibres assembled with 

Mg
2+

 versus those assembled with Ca
2+

 (p = 0.044). In addition, there was no statistically 

significant interaction between the cross-linking treatments and assembly (p = 0.605). Within the 

NAB treatment, NAB/Mg
2+

 fibres exhibited a strain energy ≈46% and ≈112% greater than NAB 

and NAB/Ca
2+

 fibres, respectively. Within the glutaraldehyde treatment, glutaraldehyde/NAB 

fibres exhibited a strain energy greater than glutaraldehyde/NAB/Mg
2+

 and 

glutaraldehyde/NAB/Ca
2+

 by ≈167% and ≈68%, respectively. Lyophilized double-drawn fibres 

exhibited a strain energy ≈372% greater than lyophilized single-drawn fibres. NAB/Mg
2+

 fibres 

absorbed ≈42% more strain energy than lyophilized/double-drawn fibres (Figure 2.11). 
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Figure 2.1. SDS-PAGE of the proteins expressed from BL21-Gold(DE3) competent cells after 

transformation with the PDS5 expression vector containing the nucleotide sequence for human 

vimentin. Lane L represents the molecular weight ladder with weights indicated in kDa. (A) 

Lane 1 represents the inclusion bodies where recombinant protein was initially found, while lane 

2 represents the supernatant which did not contain recombinant vimentin. (B) SDS-PAGE of the 

pellet and supernatant in lanes 1 and 2, respectively, after the use of detergent buffers, washing 

buffers and 9.5 M urea. Lane 2 shows the target protein released into solution. 
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Figure 2.2. Representative FPLC outputs obtained from purifying recombinant human vimentin 

protein. Fractions were eluted using a 0 - 0.3 M KCl (pH 7.5) gradient and absorbance was 

measured at 280 nm. (A) Elution of proteins off the FF DEAE column. Using SDS-PAGE, 

vimentin was identified in peaks C and D, eluted at a concentration of approximately 0.1 M KCl. 

(B) Representative output of protein purification using the CM sepharose column. SDS-PAGE 

identified recombinant vimentin in peak C, eluted at a concentration of 0.3 M KCl. Asterisks (*) 

indicate where recombinant vimentin was being eluted.  
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Figure 2.3. SDS-PAGE demonstrating the four stages of protein purification. Lane L is the 

molecular weight ladder with weights indicated in kDa. Lane 1 shows the total protein from 

transformed recombinant bacteria diluted ten-fold in column buffer, lane 2 shows proteins after 

purification using the FF DEAE column, lane 3 shows proteins after subsequent purification 

using the FF DEAE and CM sepharose columns, and lane 4 shows proteins after the use of 

Aquacide II to concentrate proteins. 
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Figure 2.4. Total protein amounts (mg) over four different steps in the protein purification 

process. The mean is generated from three separate isolations and error bars indicate standard 

error of the mean (s.e.m.).  
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Figure 2.5. Visualization of vimentin IFs using TEM. (A) ULFs assembled using an equal 

volume of NAB added to the protein solution. ULFs formed after 1-hour of assembly at room 

temperature. (B) Full-length filaments assembled using an equal volume of NAB added to the 

protein solution, after 1-hour at 37°C.  
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Figure 2.6. Optical images of fibres from each of the eight assembly conditions. (A) Fibre 

produced from filaments assembled with NAB. (B) Fibre produced from filaments assembled 

with NAB and the addition of Mg
2+

. (C) Fibre produced from filaments assembled with NAB 

and the addition of Ca
2+

. (D) Fibre produced from filaments assembled with NAB and then 

exposed to 8% glutaraldehyde after being draw-processed. (E) Fibre produced from filaments 

assembled with NAB and Mg
2+

 and then exposed to 8% glutaraldehyde after being draw-

processed. (F) Fibre produced from filaments assembled with NAB and Ca
2+

 and then exposed to 

8% glutaraldehyde after being draw-processed. (G) Fibre produced from solubilized vimentin 

protein using a 200 mM MgCl2 electrolyte buffer and single-drawn. (H) Fibre produced from 

solubilized vimentin protein using a 200 mM MgCl2 electrolyte buffer and double-drawn.  
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Figure 2.7. SAXS scans of fibres produced from filaments. (A) Scan of single-drawn, unstrained 

fibres from the NAB/Mg
2+

 assembly condition, exhibiting an “α-pattern.” (B) Scan of fibres 

from the NAB/Mg
2+

 treatment. These fibres were draw-processed and exhibit a mixed α- and β-

pattern as shown by Fudge et al. (2003). The diffraction maxima are labeled in Angstroms (Å) 

according to their molecular spacings. 
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Table 2.1. Mean values of physical and mechanical properties of filamentous fibres 

assembled using NAB, NAB/Mg
2+

, or NAB/Ca
2+

, as well as fibres further exposed to 8% 

glutaraldehyde. All fibres were draw-processed before mechanical testing. Number in 

brackets (#) beside fibre type indicates the sample size. 

 

Fibre type Diameter (µm) 

 

Break stress 

(MPa) 

Break strain 

(mm/mm)  

Young's 

modulus (GPa)  

Strain 

energy 

(MJ/m3)  

NAB (7) 110.06 ± 10.52*† 67.74 ± 8.54*‡ 1.53 ± 0.17*†‡ 1.45 ± 0.12*• 54.79 ± 10.01 

NAB/Mg2+(4) 194.49 ± 9.16†‡ 133.03 ± 14.18*† 0.69 ± 0.13† 2.29 ± 0.29*†  80.22 ± 11.80 

NAB/Ca2+(6) 241.24 ± 8.99*‡Δ 76.58 ± 8.16† 0.52 ± 0.10* 1.52 ± 0.11†ϫ 37.82 ± 8.86 

Glut/NAB (6) 101.24 ± 8.57◊ ϫ 141.88 ± 16.64‡ 0.62 ± 0.33‡ 2.45 ± 0.17‡• 67.69 ± 20.05 

Glut/NAB/Mg2+ (7) 201.05 ± 16.44◊• 99.27 ± 14.78 0.83 ± 0.10 1.74 ± 0.21‡◊ 25.37 ± 11.74 

Glut/NAB/Ca2+(5) 141.61 ± 15.00•ϫΔ 105.64 ± 14.43 0.45 ± 0.07 2.43 ± 0.34◊ϫ 40.33 ± 7.85 

 

*,†,‡,◊,•,ϫ,Δ - Matching symbols within the same column indicate significant differences between fibre types according to 

a two-way ANOVA (p < 0.05).  

 

 

 

 

 

Table 2.2. Mean values of physical and mechanical properties of lyophilized fibres single-

drawn from 200 mM MgCl2 and double-drawn. Asterisks (*) denote a significant difference 

between the values for single- and double-drawn fibres according to a t-test (p < 0.05). 

Number in brackets (#) beside fibre type indicates the sample size.  

 

Fibre type 

Diameter 

(µm)  

Break stress 

(MPa)  

Break strain 

(mm/mm)  

Young's 

modulus (GPa)  

Strain energy 

(MJ/m3)  

Lyophilized/single (3) 45.25 ± 3.85 15.70 ± 3.78 1.59 ± 0.04 0.05 ± 0.006 11.98 ± 2.85 

Lyophilized/double (3) 26.34  ± 0.76* 72.19 ± 5.84* 1.09 ± 0.02* 2.28 ± 0.34* 56.54 ± 3.65* 
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Figure 2.8. Break stress (MPa) distribution of eight fibre-types: NAB (n = 7), NAB/Mg
2+ 

(n = 

4), NAB/Ca
2+ 

(n = 6), glutaraldehyde/NAB (n = 6), glutaraldehyde/NAB/Mg
2+

 (n = 7), 

glutaraldehyde/NAB/Ca
2+

 (n = 5), lyophilized/single (n = 3) and lyophilized/double (n = 3).  

Glutaraldehyde/NAB fibres exhibited the greatest break stress overall, and within the NAB 

treatment, fibres cross-linked with Mg
2+

 exhibited the greatest break stress. Box plot indicates 

the distribution of the data where the bottom boundary of each box represents the 25th percentile, 

the top boundary indicates the 75th percentile and the horizontal line within the box represents 

the median.   
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Figure 2.9. Break strain (mm/mm) distribution of eight fibre-types: NAB (n = 7), NAB/Mg
2+ 

(n 

= 4), NAB/Ca
2+ 

(n = 6), glutaraldehyde/NAB (n = 6), glutaraldehyde/NAB/Mg
2+

 (n = 7), 

glutaraldehyde/NAB/Ca
2+

 (n = 5), lyophilized/single (n = 3) and lyophilized/double (n = 3).  

Lyophilized/single fibres exhibited the greatest mean break strain, followed by NAB/Mg
2+

 fibres 

and glutaraldehyde/NAB/Mg
2+

 fibres. Box plot indicates the distribution of the data where the 

bottom boundary of each box represents the 25th percentile, the top boundary indicates the 75th 

percentile and the horizontal line within the box represents the median.   
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Figure 2.10. Young’s modulus (GPa) distribution of eight fibre-types: NAB (n = 7), NAB/Mg
2+ 

(n = 4), NAB/Ca
2+ 

(n = 6), glutaraldehyde/NAB (n = 6), glutaraldehyde/NAB/Mg
2+

 (n = 7), 

glutaraldehyde/NAB/Ca
2+

 (n = 5), lyophilized/single (n = 3) and lyophilized/double (n = 3). 

Glutaraldehyde/NAB fibres exhibited the greatest stiffness, followed by NAB/Mg
2+

 fibres. Box 

plot indicates the distribution of the data where the bottom boundary of each box represents the 

25th percentile, the top boundary indicates the 75th percentile and the horizontal line within the 

box represents the median. 
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Figure 2.11. Strain energy (MJ/m
3
) distribution of eight fibre-types: NAB (n = 7), NAB/Mg

2+ 
(n 

= 4), NAB/Ca
2+ 

(n = 6), glutaraldehyde/NAB (n = 6), glutaraldehyde/NAB/Mg
2+

 (n = 7), 

glutaraldehyde/NAB/Ca
2+

 (n = 5), lyophilized/single (n = 3) and lyophilized/double (n = 3). 

Fibres cross-linked with Mg
2+

 exhibited the greatest toughness, followed by glutaraldehyde/NAB 

fibres and lyophilized/double fibres. Box plot indicates the distribution of the data where the 

bottom boundary of each box represents the 25th percentile, the top boundary indicates the 75th 

percentile and the horizontal line within the box represents the median.   

 



 

 

39 

 

 

 

 

 

 

 

Figure 2.12. Typical stress-strain curves for each of the eight assembly conditions. Each curve 

represents an output of a single fibre tested using the Instron single column universal testing 

machine. 

 

  



 

 

40 

 

2.3 Discussion 

As the need to move away from non-renewable resources is becoming more and more 

evident, there is significant interest in developing protein-based materials that have similar 

characteristics to existing petroleum-based polymers (Negishi et al., 2012; Meier and Welland, 

2011;Shao and Vollrath, 2002;Weisman et al., 2010). Negishi et al. (2012) have demonstrated 

that fibres produced from solubilized hagfish thread proteins do not display the impressive 

mechanical properties as those exhibited by native hagfish slime threads. With this in mind, the 

goal of this thesis was to produce protein-based fibres from self-assembled 10 nm filaments, 

which are similar in structure to the “IF-like” proteins found in native hagfish slime threads. In 

the present study, fibres were produced from the intermediate filament vimentin and then draw-

processed after assembly and centrifugation. In another set of treatments, protein fibres were 

produced from solubilized vimentin protein using methods developed by Negishi et al. (2012). 

The resultant fibres made from self-assembled 10 nm IF filaments were stiffer, stronger and 

tougher when compared to fibres produced from solubilized vimentin proteins.  

Negishi et al. (2012) found that films form on top of electrolyte buffers when a dope of 

solubilized hagfish thread protein is applied. The fibre is then formed by slowly picking up the 

film off the surface of the electrolyte buffer with forceps and left to air-dry. In the present study, 

I wanted to determine if producing fibres from solubilized protein is dependent on the use of IFs. 

To test this hypothesis, I solubilized purified recombinant vimentin protein and was able to make 

fibres using the Negishi et al. (2012) protocol. This indicates that fibres can be made from this 

method with other IFs. Additionally, when a 10% BSA solution was applied to the same 

electrolyte buffer, this solubilized protein was unable to form fibres. These findings suggest that 

this method likely works for any IFs and is not specific to solubilized hagfish thread protein; 
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however, the inability of BSA to produce fibres indicates that not all proteins can be used.  

In this study, I found that NAB fibres exhibited a mean break stress and toughness similar 

to lyophilized/double-drawn fibres; however, lyophilized/double-drawn fibres exhibited a greater 

extensibility. The secondary structure of filaments composing NAB fibres would have been 

expected to produce mechanical properties superior to those of lyophilized fibres, which do not 

contain α-helices and β-sheets; however, this was not the case. From TEM, it was apparent that 

filaments were being assembled, but within the gel network, there was no linking between 

adjacent filaments to create a coherent gel. The effectiveness of cross-linking vimentin networks 

was demonstrated by Lin et al. (2010) who showed that in vitro assembly of vimentin networks 

produces elastic gels that stiffen dramatically with stress; however, this stiffening requires cross-

linking. They revealed that vimentin networks stiffen with the addition of mM concentrations of 

Mg
2+

 and Ca
2+

, a cross-linking mechanism that is believed to be mediated by the last 11 amino 

acids in the highly-charged carboxy-terminal tail domain. In this study, I found that with the 

addition of Mg
2+ 

during assembly, fibres exhibited a significantly greater tensile strength and 

stiffness; however, with the addition of Ca
2+

, fibres did not experience this same significant 

increase in tensile strength or stiffness. The increase in tensile strength and stiffness of fibres 

cross-linked with Mg
2+

 supports the notion observed by Lin et al. (2010), that this divalent cation 

is able to cross-link adjacent vimentin filaments; however, these findings indicated that cross-

linking with Ca
2+

does not exhibit the same effect on fibre strength.  

A major finding from the divalent cation cross-linking study is that while Mg
2+

 appears to 

be cross-linking adjacent filaments to stiffen and strengthen the overall network of filaments, 

Ca
2+

 does not appear to be playing the same cross-linking role. These differences in cross-linking 

abilities of Mg
2+

 and Ca
2+

 could be attributed to two different factors. The first factor is charge 
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density as these two cations have different sizes, with Ca
2+

 ions being approximately 1.5 times 

the size of Mg
2+

 ions (Tang et al., 1996). It is likely that with a limited availability of cations 

present, smaller cations (Mg
2+

) would be able to form more crosslinks within the last 11 amino 

acids of these proteins than larger cations (Ca
2+

) (Lin et al., 2010). The ability of smaller cations 

to increase the number of crosslinks would result in the observed increase in the strength of the 

gel network as supported by Tang et al. (1996) (Figure 2.13). The second factor that could play a 

role in the strength differences observed between fibres with filaments cross-linked with Mg
2+

 or 

Ca
2+

could be cation concentration. Excessive amounts of cations may compete for anionic sites 

causing repulsive forces, which would prevent cross-link formation. With the presence of 

excessive cations, cross-links would be reduced resulting in a weakened gel structure (Tang et 

al., 1996). In the present study, I found that fibres cross-linked with Ca
2+

 exhibited a 

significantly lower tensile strength and stiffness than fibres cross-linked with Mg
2+

, which may 

be related to the larger size of Ca
2+

 providing stronger repulsive forces that decrease the strength 

of gels to a greater degree than small Mg
2+

 ions would. We can determine the optimal 

concentration of divalent cations necessary to produce the greatest strength and stiffness of these 

fibres by cross-linking with various concentrations above and below 16 mM. If cross-linking 

with lower concentrations of Ca
2+

 produces gel networks that form stiffer fibres, this evidence 

would suggest that the greater cation concentration could  be causing repulsive forces, and 

therefore decreasing the overall cross-linking. In addition to cross-linking with Mg
2+

 and Ca
2+

, it 

would be of interest to try cross-linking with the even larger divalent cation strontium (Sr
2+

). If 

there are repulsive forces, one would expect that cross-linking with Sr
2+

 at similar concentrations 

to Ca
2+

 would produce an overall decrease in network stiffness.  

When treated with glutaraldehyde, NAB and NAB/Ca
2+

 fibres showed an increase in 
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average tensile strength, stiffness and toughness; however, NAB/Mg
2+

 fibres showed a decrease 

in mean tensile strength, stiffness and toughness. The overall effect of glutaraldehyde is 

consistent with recent studies that have found that single vimentin filaments have a stiffness 

ranging from 0.3 to 0.4 GPa; however, when these filaments were cross-linked using 0.5% (v/v) 

glutaraldehyde, stiffness increased two to three-fold (Guzmán et al., 2006). In the present study, 

the addition of glutataldehyde appears to over-power the effects of divalent cations, as I observed 

an increase in mean tensile strength in NAB and NAB/Ca
2+

 fibres and NAB/Mg
2+

 fibres cross-

linked with Mg
2+

 showed an overall decrease in mean tensile strength. Guzmán et al. (2006) 

indicate that the adjacent subfilaments of unfixed filaments may slide relative to each other 

within an IF; however, cross-linking with glutaraldehyde is thought to reduce the sliding by 

providing covalent bonds between adjacent dimer rods, therefore reducing sliding and increasing 

stiffness (Guzmán et al., 2006). Moreover, glutaraldehyde may be working by cross-linking 

adjacent filaments within the network, therefore increasing the overall stiffness of the gel and 

overriding the effects divalent cations. 

Using X-ray diffraction, I looked at two samples of fibres produced from the NAB/Mg
2+

 

assembly condition: (1) single-drawn (unstrained) and (2) draw-processed. The results 

demonstrated that there is an α → β transition that takes place in networks of 10 nm IFs that have 

been assembled in vitro. Fibres that were unstrained exhibited patterns indicating the presence of 

α-helices, while fibres that were draw-processed exhibited patterns indicating the presence of β-

sheets. These results support the hypothesis that fibres produced from vimentin IFs would 

undergo an α → β transition when stretched (Figure 2.7A; Figure 2.14). Similarly, Fudge et al. 

(2003) found that hagfish threads that were not strained demonstrated a typical X-ray diffraction 

“α-pattern” with a 5.2 Å meridional reflection and a 9.8 Å equatorial reflection. Fibres that were 
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strained exhibited a typical “β-pattern”, which showed strong equatorial reflections at 9.7 Å and 

4.7 Å and a meridional reflection at 3.3 Å (Fudge et al., 2003). Additionally, Kreplak et al. 

(2004) observed similar patterns in α-keratins. The α-keratins from horsehair showed a 

meridional reflection at 5.2 Å, an equatorial reflection at 9.6 Å and a diffuse ring, while α -

keratins from horsehair strained in steam displayed equatorial reflections at 9.6 Å and 4.7 Å 

(Kreplak et al., 2004).   

Through X-ray diffraction, Negishi et al. (2012) demonstrated that double-drawing of 

fibres made from solubilized thread proteins increased the molecular alignment, but there was no 

increase in crystallinity. This suggests that the formation of fibres using solubilized proteins does 

not allow for the formation of α-helical coiled-coils, and therefore the α → β transition is not 

possible. The inability of solubilized proteins to undergo the α → β transition, means that they 

are unable to form β-sheet crystallites, which are believed to be the structural basis of the 

superior mechanical properties of dragline spider silks and draw-processed hagfish slime threads 

(Gosline et al., 1999; Fudge et al., 2003).  

In this study I was able to show for the first time that 10 nm filaments assembled in vitro 

undergo an α→β transition when strained, suggesting that 10 nm IFs in cells could also undergo 

this transition. For the purpose of protein-based fibre production, the fact that 10 nm IFs undergo 

an  α → β transition is important in improving mechanical properties; however, this has 

important implications for cell mechanics and the function of IFs in living cells. Previous 

research demonstrates that based on the impressive mechanical properties observed in vitro, that 

in vivo, IFs likely function as shock absorbers of cells as a means of recovering from large 

deformations (Fudge et al., 2003; Kreplak et al., 2005). Additionally, the α→β transition 

observed in vitro could have important implications for cells in vivo, as this transition suggests 
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that cells may be able to absorb greater amounts of energy as a response to mechanical pressures 

or distortions to avoid rupturing the cell. This is further supported by Eckes at al. (1998) who 

showed that when a pulling force was applied to integrin receptors on the cell surface of 

vimentin-deficient primary fibroblast cells derived from mouse embryos, there was a resultant 

tearing of the cytoplasm and rupturing of the plasma membrane when compared to wild-type 

cells. Furthermore, Fudge et al. (2003) have suggested the conversion of α-helical structures to β-

sheets may work as a sensory mechanism that is indicative of cell damage and therefore results 

in the initiation of mechanisms to repair cells or programmed cell death. Together these results 

suggest that vimentin IFs play an important role in providing mechanical strength of the 

cytoskeleton as well as protection of the cells’ structural integrity.  
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Figure 2.13. Cross-linking vimentin IF gels with divalent cations is dependent on charge density. 

This illustration depicts the addition of Ca
2+

 (orange circles) and Mg
2+ 

(green circles) added to 

NAB during filament assembly. Mechanical data suggests that the addition of Mg
2+

 was likely 

able to cross-link adjacent vimentin IFs, therefore producing a stiffer, stronger gel when 

compared to fibres assembled without the presence of divalent cations. Additionally, mechanical 

data provides evidence that although filaments are being cross-linked with Ca
2+

as suggested by 

the mean increase in strength and stiffness when compared to NAB fibres, these filaments are not 

being cross-linked to the same extent as those assembled with Mg
2+

.  
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Table 2.3. Summary of the mechanical properties of various protein-based fibres and fibres 

produced from each of the eight assembly conditions tested in this study.  

 

Material Young’s Modulus 

(GPa) 

Break Stress 

(MPa) 

Break Strain 

(mm/mm) 

Amyloid protein nanofibre
1
 14 326  

Recombinant honeybee silk protein
2
  150 0.47 

Native spider silk
3
  800-1400 0.18-0.27 

Recombinant spider silk protein
4
 21 508 0.15 

Native hagfish slime thread, dry
5
 9 467 1.20 

Native hagfish slime thread, stretched, dry
5
 8 706 0.36 

Regenerated hagfish slime thread protein
6
 4 150 0.16 

NAB 1.5 68 1.53 

NAB/Mg
2+

 2.3 133 0.69 

NAB/Ca
2+

 1.5 77 0.52 

Glutaraldehyde/NAB 2.5 142 0.62 

Glutaraldehyde/NAB/Mg
2+

 1.7 99 0.83 

Glutaraldehyde/NAB/Ca
2+

 2.4 106 0.45 

Lyophilized/single-drawn 0.05 16 1.59 

Lyophilized/double-drawn 2.3 72 1.09 

 
1(Meier and Welland, 2011) 
2(Weisman et al., 2010) 
3(Shao and Vollrath, 1999) 
4(Xia et al., 2010) 
5(Fudge et al., 2010) 
6(Negishi et al., 2012) 
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3 CHAPTER 3: GENERAL DISCUSSION 
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3.1 Major findings 

In this thesis, I investigated why fibres that are produced from solubilized protein are 

mechanically different from native fibres, as observed by Negishi et al. (2012) with hagfish slime 

threads. First, I demonstrated that it is possible to produce films and fibres using solubilized 

vimentin proteins that are similar to those produced by Negishi et al. (2012) from solubilized 

slime thread proteins. I also demonstrated that not just any protein can be used with this method, 

as BSA solutions did not produce films or fibres. Together this work suggests that the method by 

Negishi et al. (2012) is not limited to using a specific IF protein suggesting that this method may 

be used to produce fibres using any IFs.  

Furthermore, I demonstrated that in order to achieve high stiffness, strength and 

toughness, cross-linking is required among proteins. Filaments that were assembled in the 

presence of Mg
2+

 exhibited a greater tensile strength and stiffness; however, when they were 

further exposed to glutaraldehyde, they showed a decrease in these material properties. Fibres 

that were cross-linked with Ca
2+

 indicated no significant change in mechanical properties when 

compared to NAB fibres. This information suggests that the differences in cross-linking between 

these two divalent cations could be related to either charge density or cation concentration, but 

further testing would be needed to provide more conclusive evidence.  

I also demonstrated that 10 nm IFs assembled in vitro are able to undergo the α→β 

transition to form β-sheets and a β-crystallite structure, which is the basis of high stiffness, 

strength, and toughness of draw-processed fibres. Through SAXS analysis, fibres cross-linked 

with Mg
2+

 displayed an “α-pattern” and when draw-processed, these fibres displayed a “β-

pattern”. Though I found that draw-processed fibres did display the α→β transition, I was unable 

to show that this resulted in an increase in mechanical properties from unstrained versus draw-
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processed fibres. This was because I had only tested draw-processed fibres due to issues where 

the original diameter of unstrained fibres produced from gels was too thick for testing.  

 

3.2 Future Directions 

The evidence presented in this thesis suggests that fibres produced from self-assembled 10 

nm IFs exhibit superior mechanical properties compared to those produced from solubilized 

vimentin protein. As NAB/Mg
2+

 fibres and glutaraldehyde/NAB fibres exhibited mechanical 

properties that were most similar to other protein-based fibres (Table 2.3), the next logical step in 

producing protein-based fibres would be to optimize methods of producing these two fibre types. 

It would be of interest to assemble glutaraldehyde-treated fibres in the same manner and expose 

fibres to 8% glutaraldehyde for various amounts of time starting at 30 minutes as the control to 

see whether exposure to glutaraldehyde for longer periods of time would produce fibres that have 

an even greater tensile strength. Furthermore, it would be of interest to try cross-linking with 

different concentrations of Mg
2+

, Ca
2+

 and Sr
2+

 to determine whether there is a concentration 

effect on cross-linking through repulsive forces, or whether it is just an issue of charge density, 

therefore providing evidence that smaller Mg
2+

 ions are superior in cross-linking. Another 

parameter worth altering would be fibre diameter. Draw-processed fibres produced from 

NAB/Mg
2+

 and glutaraldehyde/NAB assembly conditions had mean diameters of 195 µm and 

101 µm, respectively; however, decreasing the diameter in a 50% methanol solution would likely 

result in a denser, more structurally aligned fibre with the possibility of increasing β-crystallite 

formation, and therefore improving mechanical properties.  

To be able to produce fibres on an industrial-scale, it would be necessary to scale-up all of 

the major steps in the fibre production process in a way that was economically feasible and 
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environmentally sustainable. Work by Mierau et al. (2005) demonstrates that production and 

purification of the protein lysostaphin can be successful on an industrial-scale. Here the growth 

conditions determined in the laboratory were scaled from 1 L to 300 L and 3000 L volumes. It 

was found that all three cultures exhibited the same behavior even with a difference in scale of 

about 3 orders of magnitude. Protein was purified using cation-exchange chromatography and 

analyzed using SDS-PAGE, where they obtained a production yield of about 100 mg/L. This 

group demonstrated that it is possible to express and purify protein on an industrial-scale to 

obtain a highly purified target protein. 

Once filaments are assembled, fibres can be produced using simple, mechanical 

centrifugation and drawing. While glutaraldehyde/NAB fibres exhibited the greatest mean tensile 

strength, this property was not significantly different from NAB/Mg
2+

 fibres. On a large-scale, 

the production of NAB/Mg
2+

 fibres would be a more environmentally friendly alternative than 

producing glutaraldehyde/NAB fibres, as glutaraldehyde is a highly toxic and reactive gas. 

Methods of fibre spinning, a process used to create polymers using a spinneret, would need to be 

developed in order for these fibres to possess the same degree of repeatability and quality 

control. The spinneret functions like a shower head with tiny holes from which filaments emerge 

and using this device, there are four techniques to produce fibres: dry, wet, gel and melt 

spinning. Dry spinning involves dissolving the proteins in a volatile solution, so fibres exit the 

spinneret in air and the solvent evaporates to produce solidified fibres; wet spinning involves 

submerging spinnerets in a bath, with emerging filaments forming by precipitation; gel spinning 

involves extrusion of filaments that are not in a true liquid form, where chains of the polymers 

are bound at different points creating stronger inter-polymer forces, therefore resulting in an 

increased tensile strength of fibres; and melt spinning involves melting the substance prior to 
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extrusion and allowing it to solidify through cooling (Sanders, 1960). Of these methods, gel-

spinning would be most appropriate for the vimentin proteins described here, as assembled IFs 

readily form a gel-like network.  

 

3.3 Conclusions 

In summary, this thesis presents evidence that fibres can be produced using solubilized IFs; 

however, these fibres display mechanical properties that are much less impressive than those 

exhibited by fibres assembled from 10 nm self-assembled filaments. In addition to these 

findings, I found evidence that the addition of Mg
2+

 and glutaraldehyde results in the cross-

linking of adjacent filaments therefore improving mechanical properties. Moreover, preliminary 

SAXS data presented here provides evidence of α-helices in single-drawn, unstrained fibres and 

the formation of β-sheets in fibres that have been draw-processed, which is known to further 

improve mechanical properties. Though the methods presented in this thesis represent a 

substantial improvement in improving mechanical properties of laboratory synthesized protein-

based fibres, there is still a wide discrepancy between fibres we produce artificially and those 

made by hagfish in their slime glands and further work is needed to bridge this gap. Furthermore, 

these novel methods of producing fibres from 10 nm self-assembled intermediate filaments 

opens up an area of protein-based fibre production research that could someday lead to the 

production of high-performance, sustainable protein polymers that could help us wean ourselves 

off petroleum-based synthetics.  
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4 APPENDIX 

Luria Bertani (LB) broth (1 L) 

10g NaCl 

10g tryptone 

5g yeast extract 

pH to 7.0 with NaOH 

autoclave 

 

LB agar (1 L) 

10g NaCl 

10g tryptone 

5g yeast extract 

pH to 7.0 with NaOH 

20g molecular biology-grade agar 

autoclave 

 

Terrific Broth (TB) (1 L) 

12g tryptone 

24g yeast extract 

4 mL glycerol 

autoclave 

add 100 mL potassium phosphate solution 

 

Potassium phosphate solution  

0.17 M KH2PO4 monobasic 

0.72 M K2HPO4 dibasic 

filter sterilize using 0.22 micron filter  
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Isolation of inclusion bodies protocol (modified from Herrmann et al., 2004) 

 

- Thaw cells (about 100 g) and suspend them in 80 mL of lysis buffer (buffer 1). 

- Lyse cells by adding 200 mg of lysozyme dissolved in 20 mL of lysis buffer. Incubate on ice 

for 30 minutes.  

- Add an equal volume of buffer 2. 

- Incubate on ice for 30 minutes.  

- Agitate cells gently, till viscosity decreases (on ice).  

- Add detergent buffer (buffer 3).  

- Centrifuge (5000 g, 10 minutes) 

- Discard supernatant.  

- Re-suspend in washing buffer (buffer 4). 

- Sonicate with buffer 5a.  

- Centrifuge (5000 g, 10 minutes). 

- Discard supernatant. 

- Re-suspend in washing buffer (buffer 4). 

- Sonicate with buffer 5b (without KCl). 

- Centrifuge (5000 g, 10 minutes). 

- Discard supernatant. 

- Homogenize with buffer 6.  

- Centrifuge (5000 g, 10 minutes). 

- Discard supernatant. 

- Dissolve pellet in 16 mL of buffer 7.  

- Centrifuge (100,000 g, 1-hour, 20°C) 

- Store supernatant in -80°C until ready for use.  
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Lysis buffer (buffer 1) 

50 mM Tris-HCl (pH 8.0)  

25% sucrose (w/v)  

1 mM EDTA  

 

Buffer 2 

0.2% PlusOne Triton X-100  

10 mM MgCl2  

50 µg/ml DNase I  

2 mM PMSF  

 

Detergent buffer (buffer 3) 

0.2 M NaCl  

1% Deoxycholic acid (w/v)  

1% Nonidet P-40 (v/v)  

20 mM Tris-HCl (pH 7.5)  

2 mM EDTA  

 

Washing buffer (buffer 4) 

0.5% Triton x  

1 mM EDTA  

 

Buffer 5a (with KCl) 

100 mM Tris-HCl (pH 7.5)  

1 mM EDTA  

1 mM DTT  

2 mM PMSF  

1.5 M KCl  
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Buffer 5b (without KCl) 

100 mM Tris-HCl (pH 7.5)  

1 mM EDTA  

1 mM DTT  

2 mM PMSF  

 

Buffer 6  

10 mM Tris-HCl (pH 7.5)  

0.1 mM EDTA  

 

Buffer 7  

9.5 M Urea  

10 mM Tris-HCl (pH 7.5)  

 

Column running buffer 

8 M Urea 

5 mM Tris-HCl (pH to 7.5) 

1 mM EDTA 

0.1 mM EGTA 

1 mM DTT 

 

Dialysis buffer  

6, 4, 2 or 0 M Urea 

5 mM Tris-HCl (pH 8.4) 

1 mM DTT 

 

NaCl assembly buffer (NAB) 

40 mM Tris-HCl (pH 7.0) 

200 mM NaCl 
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NAB/Mg
2+

 

40 mM Tris-HCl (pH 7.0) 

200 mM NaCl 

16 mM MgCl2 

 

NAB/Ca
2+

 

40 mM Tris-HCl (pH 7.0) 

200 mM NaCl 

16 mM CaCl2 

 

MgCl2 electrolyte buffer (for hand-drawing lyophilized fibres) 

200 mM MgCl2 

in 20 mM HEPES (pH 7.5) 

PolyDADMAC electrolyte buffer (for hand-drawing lyophilized fibres) 

5, 2.5 or 1.25% polyDADMAC 

in 20 mM HEPES (pH 7.5) 

 


