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Abstract 

 

Recently, it has been reported that the increasing number of plastic are significantly floated in 

the sea, because they are difficult to be degraded naturally. This lack of biodegradability 

requires us to develop new environmental-friendly material replacing current plastics. One 

promising composite of bio-friendly material is proteins, since there are abundant in our nature. 

Here, this study aims to exploit such proteins to form macroscopic fibers, which could open the 

new path to use of protein-based materials. We approach this in ‘bottom-up’ method, which 

means to combine the small pieces to develop large and complex materials. First, we made 

protein nanofibrils from native proteins, turning them from nanometer scale into microscopic 

scale. Subsequently, these nanofibrils are assembled into macrofibers, achieving macroscopic 

scale. Since the properties of final material are strongly depending on the assembly of thier 

building blocks, it is required to control the assembly system. We realize this with 

flow-focusing spinning setup, which enable to control the orientation of nanofibrils by the 

acceleration of the flow. We have tested some conditions of the nanofibrils, especially the 

morphology of fibrils such as flexible and straight fibrils, and identified essential parameters for 

the assembly of nanofibrils. These results give us not only the insight of complex assembly 

mechanism of proteins, but also the opportunity to develop the new protein-based material. 
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1 Introduction 
 

1.1 General introduction 
 

It is amazing that our nature assemble various proteins to build up many materials such as foods, 

plants and our bodies although the size of proteins generally considered as quite small to construct 

such macrostructures. In addition, the single interaction between each protein is normally weak bond, 

such as hydrophobic interaction, van der Waals interaction, hydrogen bonding, and electrostatic 

force. However, the nature realizes protein-based materials by exploiting many of these weak 

interaction together, resulted in strong interaction.  

Considering the significant biodegradability of proteins, proteins would be an ideal composite to 

develop the environmental-friendly material, aiming to replace the current plastic materials. 

However, the issue of using proteins into material is that the described weak interaction and 

relatively small size. Therefore, in order to synthesize the protein-based material, it is required to 

control their assembly for exploiting their interaction as much as possible, as seen in nature assembly 

system(1)(2). The key tool to access this is ‘bottom-up’ assembly system, which enables us to 

develop large and complex systems from small pieces with controlled structure. For example, spider 

silk is made of silk protein fibrils, where abundant beta-sheet structure align the hydrogen bond in 

the fibril axis (Figure 1.1) (3)(4). These fibrils are combined together to form spider silk, where 

fibrils are oriented into the fiber axis. These so called hierarchal structures are important to develop 

protein-based material. 

  

 

Figure 1.1 Hierarchal structure of spider silk. Images are cited and adapted from the 

literature(3)(4). 

 

Here, this study aims to assemble proteins into macroscopic fibers via formation of protein 



 

 

nanofibrils (written as PNFs further) as building blocks shown in Figure 1.2. In order to control 

the assembly process preciously, we use a flow-focusing setup, which enable to control the 

orientation of PNFs by the acceleration of the flow. The flow device also leads to precious 

control of pH, which trigger the phase transition of PNFs dispersion into gel. We focus on 

examination of different conditions of PNFs, especially straight and flexible fibrils in 

morphology. The difference in response to flow between the straight and flexible fibrils is found. 

These results not only could help us to understand the complex assembly system of PNFs, but 

also give us the opportunity to develop further engineering study on protein-based macrofibers, 

aiming potential applications such as scaffold of tissue-engineering or component for drug 

delivery system because of the high surface area of fibers (5)(6).  

 

Figure 1.2 Hierarchal structure of microfibers made from PNFs. Two left images are cited 

from literature(4). 

  



 

 

1.2 Whey protein 
 

We choose a whey protein as a starting material. Whey is a by-product of cheese or casein 

production. It contains several proteins such as β-lactoglobulin, α-lactalubimn, bovine serum 

albumin (BSA) and immunoglobulins (detail characterization is shown in Table 1.1)(7). Generally, 

whey contains less than 1% protein, but in industry, by using separation technology, whey protein 

isolate (WPI) is produced which contains at least 90% proteins. This whey protein can also contain 

non-purified substances, such as moisture, lipid, lactose and minerals. However, since the 

purification process requires more cost, the use of whey protein mixture without purification is also 

desirable in industry. 

 

Table 1.1. Composites of the major whey proteins 

Protein IEP(pH) Molecular weight % 

β-lactoglobulin 5.2 18,400 60 

α-lactalubmin 4.8-5.1 14,200 22 

bovine serum albumin 4.8-5.1 66,000 5.5 

immunoglobulins 5.5-6.8 15-96×10! 9.1 

 

 

 

1.3 Proteins and thier structures 
 

Protein is a macromolecule which consists of one or more chains of amino acid residues. These 

amino acids have peptide bonds which contain carbonyl (C=O) and amino bonds (N-H) and these 

bonds can cause interaction in amino chain. This interaction leads to form secondary structure of 

protein such as called alpha-helix or beta-sheet, which is basically in one same protein molecules. 

These secondary structured proteins can interact each other and form three-dimensional structure. 

These are called tertiary or quaternary structure, which is mainly caused by interactions between 

single protein molecules or a few proteins molecules, respectively. These structure formations are 

occurred because they favor these interactions due to the less free energy in the system. So, native 

proteins have specific structure which is considered as the minimum energy status for the specific 

proteins, but in other circumstance, they can take another structure because they could exceed the 

energy barrier to more stable structure. In this research, we made fibrous structure, which is 

corresponding the quaternary structure of protein, from globular proteins by heating the protein 

solution. The detail structure of these PNFs will be described in the following section. 

 



 

 

1.4 Fibril formation of whey protein 
 

Whey protein is known to form PNFs under heated and low pH, based on the change of quaternary 

structure described in section 1.2. Under this condition, proteins start to be unfolded which means 

collapse of protein structure(8)(7). If it happens, each unfolded protein molecules start trying to form 

structure which is more stable. Therefore, monomers start to form beta-sheet structure which 

consists of many of beta-strands aligned in the one direction. This beta-sheet is highly stabilized by 

hydrogen bond between carbonyl and amino group of beta-strands and this distance between 

beta-strands is around 4.7 Å(9). In addition, these beta-sheets can interact with each other, which 

resulted in quaternary cross-beta structure. The distance between beta-sheets are known as around 10 

Å(9) and twisted to form fibril structure (Figure 1.3). As a result, aligned beta-strands perpendicular 

to fiber axis is observed in the fibril. Because of dense hydrogen bond, the strength of this kind of 

fibrils is comparable to steel and stiffness comparable to silk(10)(11). In general, this fibrils called 

amyloids and associated with some pathological disease such as Parkinson’s disease, Alzheimer’s 

disease, and Prion disease(12). 

Figure 1.3 Illustration of self-assembly of PNFs. Unfolded protein monomer starts to form 

beta-strands that leads to beta-sheet formation (seeds formation). Fibril formation is occurred when 

monomer was added into seeds and elongated. 

 

In addition, it has been known that this fibril formation depends on the concentration of proteins. 

Typically, for the beta-lactoglobulin, which is main component of whey protein, the higher 

concentration can result in more flexible fibrils whereas lower concentration resulted in straight and 

long fibrils(13)(14)(13). The mechanism for the formation of fibrils of different morphologies is 

most likely related to differences in the microscopic rates of nucleation and fibril elongation. 

(15)(16)(17) It is also possible that different types of nuclei are formed at different monomer 

concentrations.  

Here, in this research, we focus on these straight and flexible fibrils to examine the assembly 

mechanism.  



 

 

 

1.5 Gelation mechanism of PNFs 
 

PNFs are forced into contact when the electrostatic repulsion forces between fibrils are canceled due 

to the pH change towards to isoelectric point. Fibrils are positively charged in low pH because of the 

amino groups, which enable fibrils to disperse as a solution. With the increasing of pH towards to 

isoelectric point, positive and negative charges of amino and carboxyl group becomes equal, and 

thus the net charge of fibrils becomes zero. Thus the resulted gel network is governed by the weak 

physical cross-linking such as hydrophobic interactions, hydrogen bonding, van der Waals force and 

entanglement of fibrils.  

This resulted gel has been investigated in terms of appearance (18)(19) and rheological properties 

(20)(8). However, there still no attempt to utilize this hydrogel of whey proteins to form material 

such as filaments. This is probably because of the weakness of hydrogel due to poor interactions of 

fibrils. 

 

 

1.6 Assmebly of PNFs into macrofibers 
In order to assemble PNFs into fibers, a double-focusing device was used in the present work 

(Figure 1.5). This device has a core flow for PNF solution and two focusing by the sheath flow: in 

the first focusing, elongational flow with deionized water enables to control the alignment of fibrils, 

whereas in the second focusing, the sheath flow containing acetate buffer at pH 5.2 comes into 

contact with core flow, locking the aligned structure through causing a gel transition. The advantage 

of the use of the flow-focusing device is to be able to control the assembly preciously both 

physically and chemically(21)(22)(23)(24). Thus, the device enables to control the assembly of whey 

protein fibrils under the precious change of pH and geometrical confinement.  



 

 

Figure 1.4 Schematic of double flow-focusing device in the present work, combining the 

elongational flow alignment part and gelling part by pH change of solution (show in the below box). 

Black allows in the below box indicates the ion diffusion from sheath flow. For fiber formation, the 

protein solution was introduced in the core flow, and acetate buffer was used for pH change in the 

second focusing part. All channels are 1 mm width. 

  



 

 

1.7 Aim and outline of this thesis 
 

As mentioned in previous sections, this study examines the assembly of whey proteins fibrils into 

fibers by using flow-focusing setup. This is the first approach to generate fibers only from protein 

fibrils whereas it has been succeeded to produce nanostructured material such as protein film, 

hydrogel(25) and macrofibers(26)(27) with other plasticizers. The study focusing on the system with 

only protein fibrils would enhance our current knowledge on inter-fibril interactions. 

The ultimate goal of this research would be to understand the complex assembly mechanism of 

PNFs. We compare the assembly mechanism in the different morphology fibrils – straight and 

flexible fibrils, but it should be noted that this is only one of the many parameters which can affect 

the whole assembly system. However, because of the lack of the study on inter-fibrils assembly 

system, the present work could open the path for the further development of highly hierarchal 

structure of PNFs.  

It has been known that fibrils formation from globular protein is general characteristics of 

proteins(28)(29). Therefore, understanding of assembly mechanism of PNFs leads to open the 

potential of amyloid fibrils to further application for materials. 

 

 

The following part of this thesis consists of 4 main results parts. The first part is the characterization 

of whey protein fibrils. We confirm that synthesis condition of PNFs affect their morphology of 

fibrils such as flexible and straight fibrils. The difference in morphology was assessed qualitatively 

and quantitatively by atomic force microscope images. In the second part, we examine the hydrogel 

of PNFs with rheology, aiming to understand the difference of gelation ability between different 

morphological fibrils. The third part is spinning of filaments and their characterization. We 

conducted scanning electron microscope to get a close-up view of fibrils in micrometer scale. The 

protein structure and chemical bonding was analyzed by infrared spectroscopy and X-ray diffraction. 

We also examined the tensile strength of filaments by macroscopic tensile test setup. In the last part, 

we have performed small angle X-ray scaring, providing us the information on the behavior of fibrils 

in the flow. This aims to improve the insight into the complex assembly mechanism of PNFs. These 

results lead us to identify the essential parameters associated with forced assembly of PNFs.  

 

  



 

 

2 Methods  
 

2.1 Sample preparation 
Here, PNFs were fibrillated in different protein concentration. After fibrillation, samples were 

dialyzed and concentrated (if needed). Dialysis was done in order to remove the non-fibrillated 

proteins which can affect the assembly. Concentrating process was also done in order to make sure 

that samples have the same protein concentration equal to the highest sample’s concentration, since 

starting (i.e. fibrillated) concentrations were different among the samples. Therefore, we can assume 

that we have the same concentration during the assembly by flow focusing.  

 

2.1.1   Preparation of protein nanofibrils 
Whey protein isolate (WPI) was kindly provided by Swedish milk company, Area. Proteins are 

dissolved in 0.1M HCl. In order to remove the salts and undissolved proteins, the solutions was 

dialyzed with 6 – 8kDa MWCO membrane (Spectrum laboratories, Rancho Dominguez, CA) against 

0.01M HCl with stirring for 24 hours at room temperature. Before dialysis, membranes were soaked 

in deionized water for 20min. Since dialysis has a high possibility to dilute the protein solution, WPI 

solution were dissolved at higher concentration than the desired concentration of one after dialysis. 

During dialysis, the dialysate are stirred by magnetic stirrer at 350 rpm. If the concentration after 

dialysis is higher than the desired concentration, the samples are diluted by 0.01M HCl to the desired 

concentration. Dialyzed solution were moved to 50mL centrifuge tube and kept in oven at 90ºC for 3 

days in order to cause the fibrillation. After heating, solutions were cooled at room temperature and 

stored in a refrigerator at 4ºC until further use.  

 

2.1.2   Dialysis 
After fibrillation, in order to remove non-fibrillated proteins, fibril solution was dialyzed through 

100kDa MWCO membrane (Spectrum laboratories, Rancho Dominguez, CA) for 1 day or 7days 

with stirring at room temperature against pH2 HCl. The buffer solution was changed 2 times per day 

for the first 2days, 1 time per day for the following 2 days, and 1 time per 2 days for the rest 

following days.  

 

2.1.3   UV-vis spectrometry 
The concentration of proteins was measured via UV-vis spectrometry (LAMBDA 750, PerkinElmer, 

USA). Since whey protein isolate is mixed protein of β-lactoglobulin, α-lactalbumin, and bovine 

serum albumin, it is difficult to know the extinction coefficient, which enables to calculate true 

concentration. Therefore, in this study, the measured absorbance was used only for comparisons 



 

 

between the samples and we didn’t try to calculate true protein concentration. The absorbance was 

measured at 280nm after 10 times dilution of each sample. In order to remove the difference of 

baseline in different measurement, the average absorbance of 350nm-347nm are subtracted from the 

absorbance at 280nm. In order to compare the effect of dialysis and concentrated process, UV 

measurement was performed before and after each process.  

 

2.1.4  Centrifugal membrane filtration for increasing concentration 
In order to increase the concentration after dialysis, samples are centrifuged with filtrate tube 

(100kDa cut off membrane, GE health care, USA). The filter in the tube allows going through only 

the solvent so that the solute are remained above the filter and the concentration increase. Solutions 

are centrifuged until the desired amount of solutions was achieved. The desired amount was 

calculated based on the solvent loss; if the desired concentration is twice-hold higher, the desired 

amount of solution should be a half of the current amount. UV measurement showed that the 

concentration was increased properly. 

 

2.1.5 Atomic force microscope (AFM) 
In order to see the individual fibrils, atomic force microscopy was used. For this, samples as 

dispersion were diluted in 1000 times or 10000 times by 100mM HCl, and around 25µL of diluted 

sample are put on fleshly cleaved mica surface and let the solvent evaporate which takes around 

30-60 minutes. In order to check the potential artifacts during preparation, complementary 

experiment in a wet state was also performed and confirmed that this sample preparation procedure 

didn’t affect on the resulted images of microscopy. AFM is operated in taping mode in air.  

 

2.1.6 Analysis of AFM image for quantificaion of fibrils morphology 
In order to assess the fibril morphology difference, the end-to-end length and counter length were 

measured from AFM images. Measurement was performed in Image J. Persistence length was 

calculated as follows, based on the assumption that fibrils are weakly interact with mica surface and 

able to relax to 2D equilibrium: 

𝐸 =  4𝑃𝐶 1 –  
2𝑃
𝐶

1 − 𝑒!
!
!!  

where E is end-to-end length and C is contour length measured from AFM images, and P is 

persistence length calculated here. For this calculation, at least 100 fibrils were measured for each 

condition. 

 

 



 

 

2.2 Characterization of PNF gels in bulk 
 

2.2.1 Appreance of gels 
The ability to form hydrogel was investigated with differently prepared samples. The 1mL of protein 

fibrils solution was placed in 1.5mL tube and a few droplets of pH 5.2 Acetate buffer was added to 

cause gelation. Subsequently the tube was shake a few times to cause the gelation quickly. After that, 

tubes were turn over and gelling ability was confirmed when gels are stayed in the top of tube.  

 

2.2.2 Rheology of gel 
The viscosity of protein fibril suspensions was measured by a dynamic rotational rheometer (TA 

instruments, USA) with a standard 25mm diameter parallel plate at 25 ºC with a truncation gap of 

500 µm. The suspensions were trapped by Rheodol in order to prevent the loss of samples. The flow 

curve was measured in in the shear rate range of 0.01 - 500 rad/s. Suspensions were characterized by 

apparent viscosity. 

The viscosity of protein fibril gel was measured by a dynamic rotational rheometer (TA instruments, 

USA) with a standard 60mm diameter parallel plate at 25 ºC with a truncation gap of 500 µm. The 

small amount of suspension (300µL) was placed between the bottom plate and the head plate.  

 

- Gelation time sweep 

The fibril suspensions were gelled in situ. After the test procedure was started in the computer, the 

1mL of pH 5.2 acetate buffer was carefully placed surrounded the testing plate. Subsequently, the 

torque and thus storage and loss modules were measured in the strain-control oscillation mode with 

small strain (displacement of 0.0001[unit?]) for 15min. 

 

- Frequency sweep 

After the gelation time sweep measurements, the frequency sweep was measured in the range of 

frequency from 0.1 to 10 Hz with 0.25 % strain. This strain was confirmed as linear deformation 

region by strain sweep measurement, so that this frequency sweep didn’t break the hydrogel 

structure. 

 

- Amplitude sweep 

After the frequency sweep measurement, the amplitude sweep was measured in the range of the 

strain from 0.01% to 60% at the constant frequency of 1 Hz.  

 

 



 

 

2.3 Flow focusing setup 
 

2.3.1   Outline of flow channel 
In order to spin microfilaments from PNFs, flow-focusing device was used (Fig.2.1). This device 

enables solutions to bring into contact with other streams in the cross section that cause pH change. 

This channel is 1mm thick stainless plate and each stream has 1mm width. This channel has 5 inlets 

and 1 outlet. The main stream (flow rate = Q1) is for the protein nanofibrils solution. The first shear 

stream (flow rate = Q2) is for the water. This stream plays an important role for alignment of the 

nanofibrils before causing gelation(30).The second shear stream (flow rate = Q3) is for pH 5.2 buffer 

to cause pH change. pH 5.2 was selected because this pH is near the isoelectric point of whey protein 

and thus it is expected to loose electrostatic repulsion force between fibrils efficiently. The outlet is 

put into the solution bath in order to let the hydrogel threads go into the bath solution directly. This 

main channel is sandwiched by two Plexiglas plates and two aluminum plates over the Plexiglas 

plates. These 5 plates are screwed tightly in order to avoid leaking of the solution. Flow rate is 

controlled by syringe pumps. 

 

 

. 

Figure 2.1 Illustration of microfluidic setup. (A) Schematic of stainless plate channel. All streams 

have 1mm width. (B) Illustration of flow focusing point. Brown stream shows the protein nanofibrils 

dispersion. 

 

2.3.2 Flow parameters 
In order to observe the effect of protein’s condition parameters, flow rate of the flow focusing is 

fixed as Q1 = 4.14ml/hour, Q2 = 4.72ml/hour, Q3 = 24.9ml/hour under control by syringe pumps 

(Aladdin 4000, WPI). The pH 5.2 Acetate buffer was prepared for Q3 by mixing 0.2M Sodium 

Acetate of 79 mL and 0.2M Acetic Acid of 21 mL. For the bath solution, pH 5.2 Acetate buffer was 

also used. In order to avoid the lump of filaments near the outlet, filaments are moved constantly 

from the outlet during the spinning. 

(A) (B) 



 

 

 

2.3.3 Filament drying 
After wet-spanned the hydrogel filaments into the bath, filaments were picked up from the bath with 

tweezers. Filaments were dried at room temperature for 2 hours. After drying, filaments were set on 

the gap of the paper and fixed by epoxy grew. These filaments were kept in the plastic dish until 

further investigation. 

 

2.4 Filament characterization 
 

2.4.1 Scanning electron microscopy (SEM) 
The individual dried filaments prepared as described above are directly used for SEM images. In 

addition, for comparisons, dried hydrogel and dried lump of filaments were prepared. Hydrogel was 

dried in the oven at 60ºC for 1 day. The ramp of filaments was collected from the spinning bath, and 

placed in the deionized water solution. The lump of filaments in water was dried in the oven at 60ºC 

for 1 day and after that dried at room temperature for 1 day. Individual filaments, dried hydrogel, 

dried lump of filaments were sputtering-coated with gold-palladium for 30 seconds (Gressington 

Instruments Ltd, UK). SEM images were taken by Hitachi S-4800 Field Emission-Scanning Electron 

microscope (Hitachi, Japan). Microscope was operated at an acceleration voltage of 1.0kV. 

 

2.4.2 Fluorescence microscopy 
In order to observe the existence of amyloid structure, the fluorescence of the dye Thioflavin T 

(ThT) was used. It has been found that ThT molecules can bind to fibrils on the face of β-sheets that 

form the backbone of the fibrils structure(31). The ThT stock solution was made by dissolving 1.2 

mM Thioflavin T in deionized water. This stock solution was diluted 10-fold by deionized water, 

which resulted in 120 uM ThT solution. The obtained filament was dipped in this ThT solution and 

dried with the same procedure described above. Fluorescence microscopy of fiber was carried out 

using an inverted Nikon Eclipse Ti fluorescence microscope using excitation at 455−490 nm and 

emission at 500−540 nm. 

 

2.4.3 Tensile test 
Tensile strength of dried filaments is examined by tensile test with a Deben Micro test and a 2.0 N 

load cell. The length and cross section of each filament was measured by optical microscope. 

Filaments are dried between small the paper gap around 0.5-1.0 cm. Filament and paper are carefully 

mounted on the tensile testing machine. For fixing the samples on the testing gap, small clip was 

used. After that, paper was cut carefully in order to make sure that tensile force is applied only to 

filaments, not paper side. During the tensile test, the load was carried at 0.6 mm/min. After stress 



 

 

decrease, test was stopped immediately. 

 

2.4.4  Fourier transformed infrared spectroscopy (FT-IR) 
Nanofibrils suspensions are dried at 60ºC oven for over night. Resulted films were crushed into 

powder. Hydrogel of protein fibrils gelled by pH 5.2 Acetate buffer was also dried by same 

procedure and crushed into powders. For filaments, the lump of spanned filaments are placed in 

deionized water and dried in the oven at 60ºC for 1 day and at room temperature for another day.  

For filaments, the bundle of filaments was prepared with at least 5 filaments. Infrared spectra were 

measured with these powders between 4000cm-1 and 500cm-1 by using Spotlight 400 infrared ATR 

(PerkinElmer, USA).  Background was subtracted from the spectrum of samples. 

 

2.4.5 X-ray diffraction (XRD) 
Dried powders were prepared by same procedure as FT-IR experiment. Dried filaments are cursed 

into powder as well. X-ray diffraction spectrums were measured by X'pert PRO (PANalystical, 

Netherlands). The crystal of Cu Kα was used and thus the wavelength of 1.54 Å was applied when 

Bragg’s law was used in order to calculate the distance between the diffracting planes in the sample. 

Background of the substrate was subtracted from the sample data. 

 

2.5 Small angle X-ray scattring (SAXS) 
 

2.5.1 Experimental 
SAXS measurements were preformed at the P03 beamline, at PETRA III storage ring at DESY in 

Hamburg, Germany. The measurements were performed in a transmission geometry with an X-ray 

wavelength λ=0.95 Å and sample-to-detector distance of 6,950 mm. The scattering patterns are 

recorded by a single-photon counting detector (Pilatus 1M, Dectris) with the pixel size of 172 µm by 

172 µm, where the beam size was 20µm in width and 10µm in height. For in situ study by SAXS, the 

modified flow set up was used, as shown in Fig.4a, where the second focusing is mimicked by the 

contraction. The channel was sandwiched between two Kapton sheets instead of plaxiglas plate. The 

syringe pumps were set to flow rates of 13.5 ml/h for the core flow and 23.4 ml/h for the sheath 

flow. 

 

2.5.2 Analysis of scattring patterns 
To quantify the alignment of protein nanofibrils, order parameter was calculated from SAXS 

scattering pattern. The scattering patterns are first transformed into the diffractogram in the 

coordinate with scattering vector q, defined as q=4πsin(θ)/λ,where θ is scattering angle, and 

azimuthal angle φ. The background intensity of a flow with pure water was subtracted from the 



 

 

intensity of samples, with the normalization of the maximum intensity. To calculate order parameter, 

the intensity of isotropic contribution was removed under the assumption that the highest aligned 

case shows the intensity of the isotropic distributed protein nanofibrils in the non-aligned direction. 

Then the intensity distribution was averaged for 0.1 < q < 0.5nm-1 for each azimuthal angle. The 

alignment of PNFs was quantified by order parameter (34), S, defined as: 

𝑆 =   
3
2 𝑐𝑜𝑠

! 𝜙 –
1
2  

Expanding the average gives: 

𝑆 =  𝐼 𝜙
3
2 𝑐𝑜𝑠

! 𝜙 –
1
2 𝑠𝑖𝑛𝜙 𝑑𝜙

!

!
 

which is normalized according to: 

𝐼(𝜙)𝑠𝑖𝑛𝜙 𝑑𝜙 = 1
!

!
 

where I(ϕ) is the intensity distribution averaged along examined q-range for each azimuthal angle.  

 

  



 

 

3 Results 1:Characterization of PNFs 
 

3.1 PNFs Preparation 
 

3.1.1 Sample conditions 
During the sample preparation, there are different parameters, such as fibrillation concentration, 

dialysis time, and concentrate ratio. Table 3.1 shows the different sample conditions which were 

prepared in this study. 

Table 3.1 Prepared samples 

Sample No. Fibrillation conc. Dialysis time Concentrated ratio 

0 

80mg/mL 

None 

No concentrate 1 1 day 

2 7 days 

3 

67mg/mL 

None 
No concentrate 

4 
1 day 

5 
1.3 times 

6 7 days 

7 

40mg/mL 

None 
No concentrate 

8 

1 day 9 2 times 

10 2.5 times 

11 7 days 2 times 

12 

20mg/mL 

None No concentrate 

13 1 day 
2 times 

14 7 days 

 

3.1.2 UV-vis concentration measurement 
Sample absorbance was measured when the sample is before fibrillation, after fibrillation, after 

dialysis and after concentrated process by filtration. Absorbance of before fibrillation was used as 

reference absorbance in different concentration since only the concentration of before fibrillation is 

known. The concentration after fibrillation was decided by comparing the absorbance of before 

fibrillation. However, even the concentration before fibrillation is not accurate concentration of 

proteins, because whey protein is different proteins mixture. Therefore, all concentrations of this 

study are just “apparent concentrations” and these are used only for comparing the concentration 



 

 

among the samples.  

 

(1) Fibrillation effect 

Comparing the absorbance between before and after fibrillation doesn’t show significant different 

(Figure 3.1). Some cases show the slight increase of concentration after fibrillation. This is because 

of the scattering effect by relatively larger molecular structure by protein fibrils. Especially in 

67mg/ml sample, the error bar is large compared to other conditions. This might be due to the 

change of the solution’s color, from transparent to brown. The relatively low concentration in the 

80mg/ml sample even before the fibrillation also might be not only this effect, but also the more 

existence of the other substances such as sugars and salts. 

Figure 3.1 UV measured apparent concentration before and after fibrillation. Blue; starting 

concentration before fibrillation, red; after fibrillation showing that there are little difference 

between before and after fibrillation. Error bars indicate standard deviation.  

 

(2) Effect of dialysis time 

Figure 3.2 shows the apparent concentration before and after dialysis (left; starting concentration 

67mg/ml. right; starting concentration at 20mg/ml). After 24 hours dialysis, in 67mg/ml sample, the 

concentration is almost half whereas in 20mg/ml sample, the concentration is almost 20% of before 

dialysis. This means that the converting ratio from monomer to fibrils is higher in 60mg/ml than 

20mg/ml. In addition, after 7 days dialysis, there are still monomers that were removed even though 

the amounts of removed monomers are much more during the first 24 hours dialysis. Actually, this 

small amount of remained monomers in 24hours dialysis samples affects the filaments spinning 

ability (described later). 
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Figure 3.2 Change of apparent concentration during the dialysis. Left: 67mg/ml fibrillation 

concentration. Right: 20mg/ml fibrillation concentration. 24 hours dialysis can remove most of 

non-aggregate proteins, but some of them are still remained that were removed after 7days dialysis. 

 

(3) Concentrated process 

In order to confirm that every sample has same concentrations after concentrated by filtration, UV 

measurement was performed after concentrated (Figure 3.3) as well. As reference, 80mg/ml with 24 

hours dialysis sample were used. This reference was measured 9 times and based on this, standard 

deviation was calculated. Therefore, other samples were concentrated to have the concentration in 

this standard deviation of 80mg/ml with 24 hours dialysis. Figure 3.3 shows that 20mg/ml samples 

have much less concentration than others because these samples could not be concentrated more due 

to the limit of solution amounts. Therefore, this 20mg/ml samples were not used for the spinning 

experiment. 40mg/ml with 24 hours dialysis sample had higher concentration after concentrated. 

Therefore, this sample was diluted a little. 80mg/ml with 7days dialysis has higher concentration as 

well, but this may be due to of the more amounts of fibrils in solution which caused scattering. 

Therefore, this sample was used without dilution. All other samples were confirmed that the 

concentrations are in the range of standard deviation of 80mg/ml with 24 hours dialysis. 
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Figure 3.3 Samples concentration after concentrated by filtration. Dotted line shows the standard 

deviation of 80mg/ml with 24 hours dialysis. The sample concentrations were adjusted in this region 

except 20mg/ml. 

 

  



 

 

3.2 Observation of PNFs by AFM images 
 

3.2.1 Concentration effect 
Figure 3.4 shows the images of AFM after fibrillation and before dialysis samples. The scale bars 

show 1 µm. This images shows that lower concentration during the fibrillation resulted in longer 

fibrils. Interestingly, there is difference not only the length, but also flexibility. In Fig4 C and D, 

short fibrils are bended and show more flexibility.  

 

Figure 3.4 Different fibrillation concentration resulted in different morphology. (A) 20mg/ml, 

(B)40mg/ml, (C)~70mg/ml, (D)80mg/ml fibrillating concentration. Main scale bars show 1µm and 

inset images have 200nm scale bar. Images were taken in 1:10000 dilution for C, whereas all other 

samples were taken in 1:1000 dilution. It shows that higher starting monomer concentration has 

more short and flexible fibrils compared to lower starting monomer concentration. 

A B 

C D 



 

 

3.2.2 Dialysis effect 
Figure 3.5 A and B shows AFM images of samples after 1-day dialysis and after 7 days dialysis of 

80mg/ml sample. The scale bar shows 250nm. After 1week dialysis, the less density was observed 

than 1-day dialysis. Figure 3.5 C and D show the AFM images of the samples before dialysis and 

after 1 days dialysis. Scale bars show 1 µm. This also shows that dialysis lead to less density. 

Usually, non-aggregated proteins don’t show the existence in AFM due to its small size. So, it is 

expected not to be different in AFM images before and after dialysis process. However, longer 

dialysis shows the less density in AFM image. This might be because small aggregation of 

monomers (like small seeds of fibrils) went through the membrane. However, morphology of fibrils 

was not different depending on the dialysis time. 

 

Figure 3.5 AFM images of samples with dialysis. (A) 80mg/ml sample with 24 hours dialysis, (B) 

80mg/ml sample with 1 week dialysis, (C) 40mg/ml sample without dialysis, (D) 40mg/ml sample 

with 24 hours dialysis. Scale bars show 1 µm whereas inset bars indicate 250nm. All samples were 

diluted as 1000 times. Even after dialysis, there was no difference in morphology of fibrils. 

A B 

C D 

A B 

A B 



 

 

3.2.3 Effect of concentrated process 
Figure 3.6 A shows the AFM images before and after concentrated process of 40mg/ml sample with 

24 hours dialysis. After concentration, the fibrils became shorter to the scale of a few hundreds nm. 

In order to compare the fibril morphology, Figure 3.6 B shows the 80mg/ml sample with 24 hours 

dialysis. The length scale is almost same as 40mg/ml sample after concentrated, but 80mg/ml fibrils 

are curly and flexible whereas 40mg/ml fibrils are straight. 

 

Figure 3.6 (A)AFM image of 40mg/ml sample with a day dialysis after concentrated 2 times. 

(B)AFM image of 80mg/ml sample with a day dialysis without concentrated process. Scale bars 

show 1 µm whereas inset scale bars show 250nm. After concentrated process (Fig6.A), fibrils 

become short less than 1µm. 
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3.3 Statical analysis of mophological difference 

Figure 3.7 Analysis of end-to-end length and contour length of each fibrils based on AFM images. 

We choose 40mg/ml and 80mg/ml sample after 1 week dialysis and 2 times concentration for 

40mg/ml (sample number 2 and 11), shown as straight and flexible fibrils in the legend. Inset shows 

the calculated persistence length of fibrils. 

 

The plot of square of end-to-end length versus contour length (Figure 3.7) reveals the clear 

difference in morphology for 40mg/ml and 80mg/ml sample. The samples are after 1 week dialyzed 

for both and filtrated by centrifuge for 40mg/ml (sample number 2 and 11). For straight fibrils, 

end-to-end length and contour length are almost identical, indicating that those fibrils are indeed 

straight in their morphology.  On the other hand, the end-to-end length of flexible fibrils is much 

shorter than their contour length, meaning their flexibilities. Statistical analysis of contour length and 

end-to-end length also reveals that averaged persistence length of two polymorphic fibrils exhibited 

clear distinction  (Figure 3.7, inset). These observations are in agreement with previously reported 

fibrils (13).   

 

  



 

 

4 Results 2: PNF hydrogels in bulk 
 

4.1 Classification of gelling ability based on apearance  
 

Gelling ability was classified into 3 levels. Gel 3 is strongly aggregated gel, which can remain at the 

top of tube when the tube is turned over. Gel 2 is dispersed gel, most of which can not remain at the 

top of the tube when the tube is turned over but still some small gels can stay on the top of tube. Gel 

1 is the weakest gel, which can not remain at the top of the tube when the tube is turned over, but 

small gels can be observed in the solution. Example of these gels is shown in Figure 4.1. 

 

Figure 4.1 Example of hydrogel classification. Gel 3 can stay in the tube when the tube is turn over, 

whereas gel 1 and gel 2 is not able to remain. 

 

The gelling ability of different samples was investigated. Table 4.1 shows the results indicating that 

✔✔✔ is gel 3, ✔✔ is gel 2, ✔ is gel 1 and ✗ is no gel formation. This results reveals that without 

dialysis, it is impossible to form a gel. Also, some conditions with less concentration resulted in 

weak gel as indicated gel 1 in the table. 

Figure 4.2 shows the image of two hydrogels; 2 times concentrated 40mg/ml with 1 week dialysis 

and 80mg/ml with 1 week dialysis. In bulk study, these two different morphological fibrils – straight 

and flexible fibrils – are both well able to form hydrogels. 

  

   
Gel 1 ✔✔✔ Gel 2 ✔✔ Gel 3 ✔ 



 

 

Table 4.1 Gelling ability of protein fibrils.  

In the table, ✔✔✔ is gel 3, ✔✔ is gel 2, ✔ is gel 1 and ✗ is no gel formation. 

 

Figure 4.2 Optical images of 2 times concentrated 40mg/ml with 1 week dialysis (A) and 80mg/ml 

with 1 week dialysis (B). In each image, solution(left) and hydrogel(right) are shown with turned 

over cuvette.  

A B 



 

 

4.2 Rheological characterization 

Figure 4.3 Measurement of rheological parameters for suspension and hydrogel with comparison of 

different morphological fibrils. (Left, Upper) Flow curve of suspension. (Right, Upper) Gelation 

time sweep of hydrogel. (Left, Bottom) Frequency sweep of hydrogel. (Right, Bottom) Amplitude 

sweep of hydrogel.  

 

Rheology measurement was performed on two samples, fibrillated at concentration 40mg/ml and 

80mg/ml, after 1 week dialysis and concentrated for 40mg/ml, which have similar concentration 

confirmed by UV absorbance. In spite of similar concentration for both 2 samples, different 

rheological response was observed. For suspension of fibrils, flexible fibrils have higher viscosity 

than straight fibrils, as shown in Figure 4.3 (left and upper). During gelation, it is found that straight 

fibrils have higher modules compared to flexible fibrils (right and upper). Frequency sweep data 

shows the similar response to increasing frequency as seen in slightly increasing modules for both 

samples (left and bottom). However, significant difference was observed in amplitude sweep, where 



 

 

gel of straight fibrils start to fracture at much less strain compared to gel of flexible fibrils. Also, the 

way of fracture was different: the gel of straight fibrils experiences slow decrease of modulus before 

fractured, whereas the gel of flexible fibrils undergo sudden drop of modules.  

 

  



 

 

5 Results 3: Spinning of filaments and their 

characteristics  
 

5.1 Spinnability of PNFs 
 

5.1.1 Definition of spinnability  
Since filaments were spun into the bath solution, the method for the evaluation of the resulted 

filaments is limited. Here, I defined spinnability depending on whether filaments are picked up from 

the bath or not. It means spinnability of nanofibrils is decided depending that the resulted hydrogel 

filament can over come the surface tension when picked up into the air. The surface tension of 

acetate buffer which was used in the bath is measured as 0.055 N/m. Thus, the stress applied to 

filaments is assumed as below, 

 

𝜎 =
𝑃
𝜋𝑅!

 =
𝛾2𝜋𝑅
𝜋𝑅!

 ~ 1.1 ×10!𝑃𝑎 

here, R is radias of filament, which is assume to be 100 µm in wet state, and 𝛾 is surface tension. If 

we suppose filaments picked up from the bath as seen in Figure 5.1, the force applied to filament P, 

is calculated by 𝛾2𝜋𝑅. Therefore, in this study, spinnabiliy means that hydrogel filaments can over 

come around 10MPa stress which is induced by surface tension. Non-spinnable filaments couldn’t 

endure the stress when they draw into the air, and resulted in breaking of filaments. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Schematic of surface tension during the collection of filaments. 

 



 

 

5.1.2 Example of spinnability 
Figure 5.2 shows example of filaments in the bath from non-spinnable solution. Without any fibrils 

(only monomer) solution resulted in no filaments like Figure 5.2 A. Figure 5.2 B-D shows some 

weak filaments which could not be picked up. Generally, these weak filaments are short and not 

straight compared to spinnable condition. 

On the other hand, Figure 5.3 shows the filaments enough strong to be picked up. Figure 5.3 (A) 

shows straight and thin filaments were formed in the bath. These filaments can over come the 

surface tension of the bath, and taken by tweezers (Figure 5.3 (B)). These filaments are dried on the 

tweezers (Figure 5.3 (C)). 

 

 

  

  

Figure 5.2 Example of non-spinnable filaments in the bath with the weakness order (A is weakest). 

(A) No filaments in the bath. (B) Fibrils form filaments but could be broken when they are moved 

around in the bath. (C) Fibrils form filaments and could be moved around by tweezers but could not 

be picked up from the bath. (D) fibrils form filaments and could be moved around by tweezers. 

Filaments could be picked up a little from the bath but were broken immediately.  

  

A B 

C D 



 

 

  

 

  

Figure 5.3 Images of spinnable filaments, (A) filaments in the bath. (B) filaments picked up from the 

bath by tweezers (C) filaments drying on tweezers. 

 

5.1.3 Results of spinnability 
Table 5.1 Spinnability of each condition 

 

Table 5.1 shows the spinnability of each condition prepared in this study. In order to compare the 

A B C 



 

 

spinnability in same protein concentration, lower than 80mg/ml samples were concentrated to the 

same concentration as 80mg/ml. However, 20mg/ml samples couldn’t concentrate more due to the 

limit of filtration. Therefore, 20mg/ml samples were concentrated only with 2 times, which was 

expected to concentrate with 4 times to achieve similar concentration with others.  

Samples without dialysis couldn’t make filaments. However, after 1-day dialysis, 80mg/ml samples 

could make filaments whereas all the other condition couldn’t make filaments. In addition, after 7 

days dialysis, 80mg/ml and 67mg/ml with 1.3 times concentrated samples succeed to make filaments. 

40mg/ml and 20mg/ml was not able to form filament even after concentrated process.  

  



 

 

5.2 Characterization of filaments 
5.2.1 SEM images 

Figure 5.4 SEM images of the dried filament from 80mg/ml, 24 hours dialysis. Scale bar shows 30 

µm in A, 3 µm in B, 1 µm in C, 500nm in D. 

 

Figure 5.4 shows the SEM images of dried filaments from 80mg/ml sample with 24 hours dialysis. 

Filaments have homogeneous protein aggregation and thus smooth surface (A). These structures 

have a size of ca 300nm or more. This size scale is almost same or even smaller to individual fibrils 

of 80mg/ml (see Figure 3.7). Interestingly, the proteins in dried filaments no longer have fibril-like 

structure and actually these are more globular. (Figure 5.4 D). 

 

Figure 5.5 shows the SEM image of the other dried filaments from the same solution of Figure 5.4, 

80mg/ml with 24hours dialysis. However, this filament has different surface compared to Figure 5.4. 

This difference shows that there is something to change the protein aggregation during the drying 

process. Actually, the filament of Figure 5.5 was more shrinking during the drying and not as 

straight as filament of Figure 5.4. Therefore, for the further studies, filaments were selected to have 

only straight filaments without shirinking. 

A B 

C D 



 

 

 

Figure 5.5 SEM images of shrink filament, from 80mg/ml with 24 hours dialysis. Shrinking process 

may affect the surface morphology. Scale bars show 5 µm in A, and 20 µm in B. 

  

A B 



 

 

5.2.2 Fluorescence microscopy 

 

Figure 5.6 Microscopic images of the dried filament. (A) Optical image of the filament. (B) 

Fluorescence image with Thioflavin T. Scale bar shows 50 µm.  

 

Figure 5.6 shows optical and fluorescence images for same filaments. Filaments have brown color 

which comes from the color of protein fibrils solution probably due to the sugars after heating. 

Fluorescence image (Figure 5.6 B) dyed with 120 µM Thioflavin T shows many existence of 

amyloid structure in the filament. Thioflavin T (ThT) can also bond to non-amyloid structure, but 

this bonding is much loose than bonding to amyloid structure. In order to confirm the effect of 

concentration of ThT, less concentration of ThT (60µM) was tested. However, the signal from 

fluorescence is still as strong as 120 µM ThT. In addition, we tried to wash these filaments with 

water after dipping ThT in order to remove the loosely bonding ThT to non-amyloid structure. 

However, even after washing, the signal of fluorescence is still no difference. Therefore, it is 

concluded that this strong signal of fluorescence is not due to the non-amyloid structure, but due to 

the amyloid structure. 
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5.2.3 Tensile test 

 

Figure 5.7 Stress-strain curves of the dried filaments of 80mg/ml sample with 24 hours dialysis by 

tensile test. Black lines show linear deformation regions, which were used to calculate Young’s 

modules. 

 

Tensile test resulted in stress-strain curves of Figure 5.7. In some cases, filaments were broken 

during length and diameter measurement by microscope, or mounting of filaments on the testing 

machine. Therefore, from 25 filaments, we could get only 8 stress-strain curves. All 8 curves didn’t 

show any plastic deformation region before breaking. So, if the tensile force is applied properly, the 

stress starts to increase sharply due to the elastic deformation. Otherwise, the stress increases slowly 

or even doesn’t increase significantly because of the slip between clip and filament. Among the 

obtained 8 curves, 3 curves didn’t have sharp increase of stress after applying the tensile force. 

Therefore, these 3 curves were removed and the other 5 curves are shown in Figure 5.7. Young’s 

modules were calculated from linear deformation region of each curve. Linear deformation region 

was defined as the region which has almost same Young’s moduli as the breaking point (maximum 

stress). This is because no plastic deformation was observed before and after linear deformation 

region, so we could say that breaking was caused by elastic deformation and Young’s modules can 

be calculated near this breaking point. In addition, near the breaking point, all curves show the 



 

 

highest modules, whereas before this region, stress increases gradually.  This slow increase of 

stress might be due to another effect of testing, such as slip of sample or initial bending of the 

filaments. In order to focus on only the effect of stiffness of the filaments, these slow stress increase 

areas (i.e. non-linear deformation regions) should be removed for the calculation of Young’s 

modules. Therefore, linear deformation region was decided as the region which has maximum 

modules, i.e. near the breaking point. Following by this calculation, we obtain average Young’s 

modules of 5 filaments as 251 ± 17.1MPa (±SE). Maximum stress achieved 2.3 ± 0.2 MPa (±SE) 

in average of 5 filaments. This result shows that these dried filaments of protein nanofibrils are 

brittle and elastic without any plastic deformation. 

 

5.2.4 FT-IR measurement 

Figure 5.8 Spectrum of ATR-FTIR of the dried filament and hydrogel.  

 

Figure 5.8 shows the spectrum of ATR-FTIR of the dried filament and hydrogel. The peaks in both 

samples at 1625 cm-1 and 1517 cm-1 show the typical peak of protein in amide I and II range, 

respectively. Especially, the peak in amide I range corresponds to the beta-sheet structure. However, 

it is clearly observed that the new peak appears for filament around 1570 cm-1, indicating that 

different interaction might occur in molecular-level due to spinning process. 

 

 



 

 

5.2.5 X-ray diffraction 

Figure 5.9 Spectrum of X-ray powder diffraction of filament and hydrogel. 

 

Figure 5.9 shows the results of X-ray diffraction measurement. The spectrum of hydrogel shows the 

two typical beta-sheet structure peaks of protein, which corresponds to 4.7 Å and 10 Å. However, in 

filaments, many new peaks are observed.  

  



 

 

6 Results 4: In situ SAXS measurement 
 

6.1 Calculation of order parameter 

Figure 6.1 Alignment of straight and flexible PNFs with SAXS measurement. (a) Schematic of a 

flow focusing and converging channel with the measured points along the center line. (b)SAXS 

patterns of straight fibrils (top) and flexible fibrils (bottom), showing clear orientation of straight 

fibrils.  (c) Calculated order parameter from SAXS data as a function of downstream position z, 

where order parameter 1 means fully aligned fibrils whereas 0 represents isotropic fibril distribution 

(randomly oriented). The location marked with circles in (a) corresponds the data point shown in (c). 

 



 

 

Figure 6.1 summarizes the analysis of alignment along the channel by SAXS. For this experiment, 2 

times concentrated 40mg/ml and 80mg/ml after 1 week dialysis were used. Analysis of order 

parameter along the channel shows the increase of alignment to the flow direction immediately after 

inducing the focusing and the contraction (Fig. 4b and c). In contrast, after the alignment of the 

fibrils, the decrease of order parameter is observed, indicating that Brownian diffusion cause a 

relaxation of aligned fibrils towards isotropy. However, the drastic difference between straight and 

flexible fibrils was found: flexible fibrils are poorly oriented into the flow direction compared to 

straight fibrils as indicated by the low value of order parameter (the maximum order is 0.41 for 

straight fibrils and 0.21 for flexible fibrils as shown in Fig. 4b). 

 

6.2 Intenisty distribution against q value 

Figure 6.2 Intensity distribution against q value for flexible and straight fibrils with a comparison of 

before focusing (z=-1) and after focusing (z=8). (Left) Plot of intensity versus q value. (Right) Plot 

of intensity times square of q value as a function of q value. In these plot, intensity are averaged 

along the azimuthal angle from 0 to 2𝜋. 

 

Figure 6.2 shows the plot of the intensity averaged by azimuthal angle as a function of q. From the 

intensity plot (left), it was observed that the curves of flexible fibrils are more flat, compared to 

straight fibrils. With a comparison of before and after focusing, it is found that slope of the curve 

becomes small in the q range under 0.1, for both flexible and straight fibrils. From the intensity times 

q square plot (right), called Kratky plot in general, the difference in the position of the peak of the 

curve could be seen between flexible and straight fibrils. Also, it was found that in small q-range 

under 0.1, straight fibrils have sharp increase of the intensity, compared to flexible fibrils.  

  



 

 

7 Discussions 
 

It has been observed that the ability of forming filaments is depending on the starting monomer 

concentration, as well as the spinning concentration (Table 5.1). However, above the minimum 

requirement of spinning concentration, the difference of the monomer concentration is dominant 

effect on spinnability, as far as tested. Since it was observed that the difference of the monomer 

concentration leads the difference of morphology of fibrils, it is interesting to see how the different 

morphology can affect on the spinnability. 

 

In general, PNFs are forced into contact when the electrostatic repulsion forces between fibrils are 

canceled due to the pH change towards to isoelectric point. Thus the resulted gel network is 

governed by the weak physical cross-linking such as hydrophobic interactions, hydrogen bonding, 

van der Waals force and entanglement of fibrils(7). The different morphology of fibrils, here flexible 

and straight fibrils, could affect on entanglement of fibrils. Flexibility of fibrils presumably enhances 

the inter-fibril entanglement and form more cross-links that enable to bear the surface tension when 

extracting fibers from the bath solution. Highly entangled network resulted in a dense packing of 

PNFs, as seen in SEM image (Fig. 3e). In contrast, the alignment in the straight fibrils resulted in the 

weaker inter-fibril network due to the less possibility of entanglement. 

 

This model is supported by rhological properties of hydrogel. The result reveals the difference in the 

response to the strains before fracture: the gel of straight fibrils is likely to experience fracture 

gradually as indicated by a slow decrease of storage modulus, while the gel of flexible fibrils 

undergoes a sudden drop of the modules when fractured (Figure 4.3). The slow deformation in 

straight fibrils is presumably associated with rotation and sliding occurred in the fibril-fibril network, 

which plastically deforms their network. On the other hand, the gel of flexible fibrils fractured 

without plastic deformation, indicating that fibrils are inter-locked due to their entanglements and the 

network fractures when these entanglements break. This difference in inter-fibrils interactions could 

lead the different assembly of filaments. When the straight fibrils are aligned in the flow, the 

possibility of further network deformation decreases and the network breaks easily when the strain is 

further increased. In contrast, when well-entangled fibrils are concentrated by the flow focusing, 

their inter-locking is enhanced, and thus strong network is achieved (Figure 7.1).  From these 

results, it is concluded that the inter-fibril entanglements and thus inter-locking is prerequisite for 

our fiber formation. 

 

It should be noted that the orientation of nanofibrils provides an opportunity to increase mechanical 



 

 

properties when the nanofibrils are aligned along the fiber axis. However, the higher alignment 

resulted in weaker fibers at our investigated conditions. This is presumably because the inter-fibril 

interaction of PNFs is not sufficient compared to other fibrils, for example, cellulose nanofibrils.  

The high mechanical properties of PNFs will be exploited well when the inter-fibril interactions are 

strengthened by the other environmental effects such as temperature, or use of other polymers as a 

cross-linker. Further, analysis of FT-IR spectroscopy reveals that the spinning process of fiber could 

affect on molecular-level interaction of fibrils (Figure 5.8). However, at this point, this information 

remain to be examined.    

 

Figure 7.1 Hypothetical model of different interactions of straight and flexible PNFs. (Left) Under 

strain in bulk, for straight fibrils, the gel deformation is governed by joint rotation and sliding of 

fibrils, whereas flexible fibrils resist to the strain with their entanglements. (Right) In flow focusing 

channel, straight fibrils are easily aligned to the flow direction because of the acceleration of the 

flow. In contrast, flexible fibrils are not well oriented due to their inter-locking by entanglements, 

resulted in sufficient interaction between fibrils. 

  



 

 

8 Conclusion 
In conclusion, we have generated macroscopic filament from whey protein through the formation of 

self-assembled PNFs. We have demonstrated that this filament formation is significantly affected by 

the morphology of fibrils. It has been observed that flexible fibrils are able to form filaments, which 

could be extracted from the spinning solution, whereas straight fibrils resulted in weak filament, 

which could not be extracted.  

In our study, this difference in spinnbaility of filaments correlated to inter-fibril interaction. We 

assume that the flexible fibrils retain their entanglements in the presence of an elongational 

flow-field whereas straight fibrils easily orient in the flow direction. Straight fibrils reach a higher 

order of alignment in the channel, which results in weak inter-fibril network, thereby fiber formation 

does not occur in our study. Once the flexible fibrils come into contact and form a dense network 

after the focusing due to the flow, their inter-locking due to the morphology and interactions is 

highly significant for the formation of fibers. These models are supported by rheology measurement, 

which reveals that inter-locking of flexible fibrils due to their entanglements. 

 

The presented approach combining small-scale flow devices with in-situ synchrotron X-ray studies 

and protein engineering is a promising route to design high performance materials with controlled 

physical and chemical properties. For more detailed analysis of the structure and function 

relationship of the fibers produced with our method, techniques like X-ray nano tomography and 

wide-angle X-ray scattering can be utilized. Furthermore, the kinetics of the dispersion to gel 

transition in the microchannels, which is a common phenomenon in the synthesis of fibers using wet 

spinning techniques, and is primarily limited by the diffusion of solvent, additives and polymer 

molecules, can also be explored with the similar methodology as mentioned in the current study. 
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