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Abstract	
The content of studies in this thesis focuses on the interdisciplinary biophysical research field, in 

which physical approaches are applied to study the biological phenomena. Specifically, the main 

object of the research in this thesis is to target biological species, especially the amyloid fibrils by 

using Atomic Force Microscope (AFM) and several relevant technologies. 

First of all, two sections of introduction are given to characterize the methodology and main research 

targets in this interdisciplinary area. The first chapter aims at the AFM, which is the main technique 

used throughout this thesis, and we present the history of AFM development, the basic AFM working 

principle and the cutting-edge AFM technologies. The second introduction targets at protein aggre-

gation and amyloid fibrils, which is the main research topic throughout my PhD study, and we em-

phasise its biological association with neurodegenerative diseases, the aggregation pathways, molec-

ular structures and the common approaches of protein aggregation characterization. 

In the main section, we firstly present the high-resolution AFM and AFM-IR measurement on the 

LHCII on the chloroplast lipid membrane, and investigation on the regulation of the xanthophyll 

pigments, including violaxanthin and zeaxanthin, on the supramolecular organization and structural 

conformation of LHCIIs on the chloroplast lipid. Then, the novel vis-PTIR technique shows it capa-

bility for ultra-sensitive nanoscale imaging and chemical analysis. This AFM-based approach is en-

hanced by both the gap plasmon and the instrumentation resonance that shows a high-spatial resolu-

tion and single-molecule layer sensitivity.  

Then, my following researches are focused on the protein aggregation and amyloid fibrils that are 

associated with various neurodegenerative diseases. The first research target is to investigate the en-

vironmental factors on protein aggregation kinetics and amyloid formation. We designed the experi-

mental setup to highlight the influence of sedimentation, microgravity, hydrodynamic flow, air-water 

interface on the protein aggregation kinetics and distinct microscopic steps of aggregation. The results 

show that the interface promotes the primary nucleation and hydrodynamics enhances the secondary 

nucleation, whereas the sedimentation and microgravity contribute no significant impact on the ag-

gregation kinetics.  

Similarly, to understand the polymorphism phenomenon encountered in the preceding research, we 

performed an additional experiment with well-controlled environmental kinetics. This environmental 
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kinetics originated from the different combinations of hydrodynamics and interface. This experiment 

proves that the amyloid polymorphism is under the control of environmental kinetics, as well as the 

order-order transition among the polymorphs. This conclusion is expected to expand our understand-

ing on fibrillization mechanism and also to show its significance in the biomaterial applications. 

Last, but not the least, we propose another possible mechanism of amyloid aggregation, hierarchically 

assembly model (HAM), that enables the protofilament intertwining to form higher-ordered mature 

fibrils. In this experiment, this novel intertwining model based on statistical result of AFM images, 

is verified with the modelling and multiple experimental evidences, that may enrich our current 

knowledge of fibrillization mechanism and mature fibril formation. 

In the end of this thesis, we briefly summarize the presented scientific works and their potential in 

the applications. In addition, we developed the perspective of these research in the future with several 

examples of the interesting topics. 

 

 
Keywords: Atomic Force Microscope, AFM-infrared spectroscopy, Photothermal-induced reso-

nance, LHCII, Protein aggregation and amyloid fibrils, Neurodegenerative disease, Environmental 

control, Aggregation kinetics, Amyloid polymorphism, Amyloid fibrillization mechanism. 
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Résumé	
Le contenu des études de cette thèse se concentre sur le domaine de la recherche biophysique inter-

disciplinaire, dans lequel des approches physiques sont appliquées pour étudier les phénomènes bio-

logiques. Plus précisément, l'objectif principal de la recherche dans cette thèse est de cibler les es-

pèces biologiques, en particulier les fibrilles amyloïdes en utilisant le microscope à force atomique 

(AFM) et plusieurs technologies pertinentes. 

Tout d'abord, deux sections d'introduction sont données pour caractériser la méthodologie et les prin-

cipales cibles de recherche dans ce domaine interdisciplinaire. Le premier chapitre porte sur l'AFM, 

qui est la principale technique utilisée tout au long de cette thèse. Nous présentons l'histoire du déve-

loppement de l'AFM, le principe de fonctionnement de base de l'AFM et les technologies de pointe 

de l'AFM. La deuxième introduction porte sur l'agrégation des protéines et les fibrilles amyloïdes, qui 

est le principal sujet de recherche tout au long de ma thèse, et nous mettons l'accent sur son association 

biologique avec les maladies neurodégénératives, les voies d'agrégation, les structures moléculaires 

et les approches communes de la caractérisation de l'agrégation des protéines. 

Dans la section principale, nous présentons tout d'abord la mesure AFM et AFM-IR haute résolution 

sur le LHCII sur la membrane lipidique du chloroplaste, et l'étude de la régulation des pigments xan-

thophylles, y compris la violaxanthine et la zéaxanthine, sur l'organisation supramoléculaire et la 

conformation structurelle des LHCII sur le lipide chloroplastique. Ensuite, la nouvelle technique vis-

PTIR montre sa capacité à produire des images et des analyses chimiques ultra-sensibles à l'échelle 

nanométrique. Cette approche basée sur l'AFM est renforcée par le plasmon gap et la résonance d'ins-

trumentation qui montrent une résolution spatiale élevée et une sensibilité de la couche monomolé-

culaire.  

Ensuite, mes recherches suivantes se concentrent sur l'agrégation des protéines et les fibrilles amy-

loïdes qui sont associées à diverses maladies neurodégénératives. Le premier objectif de recherche 

est d'étudier les facteurs environnementaux sur la cinétique de l'agrégation des protéines et la forma-

tion de l'amyloïde. Nous avons conçu le dispositif expérimental pour mettre en évidence l'influence 

de la sédimentation, de la microgravité, de l'écoulement hydrodynamique, de l'interface air-eau sur la 

cinétique d'agrégation des protéines et les différentes étapes microscopiques de l'agrégation. Les ré-

sultats montrent que l'interface favorise la nucléation primaire et que l'hydrodynamique améliore la 
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nucléation secondaire, alors que la sédimentation et la microgravité n'ont pas d'impact significatif sur 

la cinétique d'agrégation.  

De même, pour comprendre le phénomène de polymorphisme rencontré dans les recherches précé-

dentes, nous avons réalisé une expérience supplémentaire avec une cinétique environnementale bien 

contrôlée. Cette cinétique environnementale est issue des différentes combinaisons de l'hydrodyna-

mique et de l'interface. Cette expérience prouve que le polymorphisme amyloïde est sous le contrôle 

de la cinétique environnementale, ainsi que de la transition ordre-ordre entre les polymorphes. Cette 

conclusion devrait élargir notre compréhension du mécanisme de fibrillisation et montrer son impor-

tance dans les applications des biomatériaux. 

Enfin, nous proposons un autre mécanisme possible d'agrégation amyloïde, le modèle d'assemblage 

hiérarchique (HAM), qui permet aux protofilaments de s'entrelacer pour former des fibrilles matures 

d'ordre supérieur. Dans cette expérience, ce nouveau modèle d'entrelacement basé sur le résultat sta-

tistique des images AFM, est vérifié par la modélisation et de multiples preuves expérimentales, qui 

peuvent enrichir nos connaissances actuelles sur le mécanisme de fibrillisation et la formation de 

fibrilles matures. 

À la fin de cette thèse, nous résumons brièvement les travaux scientifiques présentés et leur potentiel 

dans les applications. De plus, nous avons développé la perspective de ces recherches dans le futur 

avec plusieurs exemples de sujets intéressants. 

 

Mots-clés: Microscope à force atomique, spectroscopie infrarouge AFM, Résonance photothermique 

induite, LHCII, Agrégation des protéines et fibrilles amyloïdes, Maladie neurodégénérative, Contrôle 

de l'environnement, Cinétique d'agrégation, Polymorphisme amyloïde, Mécanisme de fibrillisation 

amyloïde. 
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 Introduction	of	AFM	
Nanoscale imaging and characterization is of fundamentally significance for various areas of science 

and technology because it provides an outstanding view of the investigated specimen at nanoscale or 

even the atomic level that reveals more underlying details. Atomic Force Microscope (AFM) is a 

high-precision and high-resolution scanning probe microscope (SPM), that provides 3-dimentional 

(3D) image, with a lateral resolution in the order of nanometers and a high vertical resolution in the 

order of Angstrom (Å). This resolution is 1000 times higher than that of the conventional optical 

microscope, that gifts AFM the ability for precisely imaging various specimen, ranging from single 

molecule to supramolecular particle. Nowadays AFM and AFM-based technologies are widely used 

in a diversity of research fields, ranging from physics, chemistry and biology, to material science and 

nanotechnology. 

The basic principle of AFM is quite simple: a very sharp probe on the top of a soft cantilever is 

employed to scan on the sample surface line-by-line to feel the force of tip-sample interaction. This 

tip-sample distance-dependent force is very tiny, in the order of Piconewton (pN), but enough to bend 

the sensitive spring-like cantilever. By screening the deflection of the cantilever with a reflected laser 

beam on the photodetector, we obtained the 3D topographic information of investigated sample. 

Compared with the electron microscope, such as Scanning Electron Microscope (SEM), and Trans-

mission Electron Microscope (TEM), AFM technique also shows the following outstanding ad-

vantages that maintains its popularity in many applications until today:  

1) Resolution: The AFM and TEM could reach sub-nanometer resolution, which is of one order 

of magnitude higher than that of SEM. By contrast, the spatial resolution optical microscopy 

and super-resolution microscopy is much lower, in the regime of tens to hundreds of nanome-

ters, as shown in Figure 1.1. 

2) Scanning environment: Compared with the vacuum working condition of SEM and TEM, 

AFM imaging can be performed in the ambient condition, both in air and in liquid. This is 

more convenient for many applications, and scanning in the liquid environment is critical for 

the biological applications (Table 1.1). 
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3) Sample preparation: SEM imaging requires an electrically conductive sample or a conductive 

metal-coated insulated sample, and the sample in TEM imaging is limits by the thickness of 

sample. These requirements largely limit their applications. However, AFM imaging is 

achieved by physically touching the sample surface with a sharp probe, regardless of sample 

conductivity and thickness. This simplified requirement opens the window to various appli-

cations, such as material surface characterization and biological specimen. 

4) Flexibility of nanomanipulation:  The AFM scheme allows its further development and com-

bination with other techniques. For instance, the electromagnetic enhancement for localized 

light-matter interaction and single-cellular manipulation and measurement. This flexibility 

enables AFM to be used as more than a microscopy, but also a universal tool for nanoscale 

manipulation. 

However, the disadvantage of AFM regarding to the imaging time is also evident. Conventional AFM 

need at least 2-10 minutes for a single image, but both SEM and TEM takes only tens seconds. Now-

adays, the appearance of high-speed AFM (HS-AFM) is shifting the situation, with an imaging rate 

of up to 100-200 ms so that it is widely used to study protein dynamics. 

 

Figure 1.1 The vision of different microscopies. Logarithmic size scale from Angstrom to mm with typical biological species, 
and the imaging ranges for different microscopy techniques in comparison1–3. 
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Table 1.1 The comparison of typical properties between AFM with SEM and TEM techniques. Adapted from Ref.1,2.  

Moreover, the capability of AFM is beyond topographic imaging. Another two outstanding abilities 

ensuring its popularity in the current research are the ultrasensitive force measurement and nanoscale 

manipulation. The former one is to use cantilever to sense tip-sample interaction and to obtain the 

force-distance curve. This method is used to measure the chemical and biological force at sub-pN 

scale4, and applied in various applications, including protein folding, cell-ligand or cell-cell interac-

tions and nanoscale chemical identifications. On the other hand, as a nanoscale manipulator, AFM is 

applied in plenty of applications of single molecule manipulation5, such as chemical reaction6,7 and 

targeted delivery of single molecule or nanoparticles8. This tool is also widely used in diverse multi-

disciplinary applications, including chemistry, biology, physics and material science. 

1.1 SPM	and	AFM	History	
The investigation of surface topography at atomic scale can be rooted in the discovery of scanning 

tunneling microscope (STM). Immediately after the novel design of STM by Gerd Binnig, Heinrich 

Rohrer and et al. in 19819, the first successful attempt of surface study at nanoscale was achieved in 

the following year10. As the first generation of this device for surface characterization, it provided an 

unprecedented breakthrough on the spatial resolution and imaging accuracy10,11, which allows for the 

depiction of the atomic world for the first time. 

As a sequel of STM, the design of atomic force microscope was also proposed by Gerd Binnig and 

et al12. It enabled the measurement of the force between tip and sample surface, as small as 10-18 N, 
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and thus achieved the measurement of surface topology. The outstanding feature for this “blind mi-

croscope” is to physically touch on sample surface and to generate surface map. Thus, other than 

optical and electron microscope, the features of different types of sample, including transparency and 

conductivity, do not limit the reconstruction of its surface. Another great advantage of this AFM was 

that it obtained a preliminary result of a lateral resolution of 30 Å and a vertical resolution of 1 Å12. 

More interestingly, this measurement was performed in the ambient condition, not in the vacuum 

environment as for the cases of electron microscopy. These abilities allow the broad applications, 

such as AFM-based nanotechnology and biological imaging, to become reality. 

In the following decades, AFM techniques were exploited intensively and many advanced develop-

ments were applied that largely increased its popularity in various applications. For instance, by ap-

plying the voltage on the electrical tip or the sample, we are able to obtain the morphological image 

as well as the map of electrical properties, such as the conductivity (current distribution), electric 

properties (surface potential and charge distribution), and surface potential by using conductive-AFM 

(C-AFM), electrostatic force microscope (EFM) and Kelvin Probe Force Microscope (KPFM) re-

spectively. Similarly, the magnetic properties can be studied with the same approach, while the chem-

ical and nanomechanical properties could also be investigated by analyzing the force-distance curve, 

which is also widely applied in the field of cell mechanobiology.  

More recently, by combining with other relevant technologies, AFM had greatly enhanced the ability 

of these technologies with fruitful outcomes. For example, infrared (IR) spectroscopy and Raman 

spectroscopy are widely employed in the biological and chemical analysis but their spatial resolution 

was low, in the order of hundreds micrometers. However, recent developments on the hybrid ap-

proaches, such as AFM-infrared (AFM-IR) nanospectroscopy13, achieved morphological and struc-

tural mapping with resolution of tens nanometers. This opened an avenue of studying the structural 

and conformational investigation on the biological species and material samples. Similarly, the com-

bination of AFM and Raman spectroscopy, termed tip-enhanced Raman spectroscopy (TERS), had 

also proved it unprecedented ability of visualizing the vibration modes of a single molecule14. 

1.2 AFM	Instrumentation	
To achieved the sub-nanometer precision in AFM measurement, the precisely characterized detection 

and measurement is required the AFM instrumentation. Typically, AFM system consists of several 

components, including a cantilever mounted with a sharp probe, a deflection sensor, a piezoelectric 

scanner and a feedback controller, as shown in Figure 1.2. 
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Figure 1.2 Schematics of a typical atomic force microscope. The force-induced deflection of the cantilever during scanning 
is recorded by the photodiode that generates the topographic data and, on the other hand, provides the reference in the 
feedback loop to tune the piezoelectric stage. 

1.2.1 AFM	cantilevers	and	tips	

The cantilever with a sharp probe is of fundamental significance in the AFM measurement. There are 

two main roles for the tip-mounted AFM cantilever: the first one is using the sharp tip to interplay 

with the sample and to sense the tip-sample force with a high spatial resolution; the other role is to 

transit this tiny (~pN-nN) force to mechanical deflection of the cantilever, which could be precisely 

sensed by deflection sensing sensor. 

The sharpness of the tip, that is radius of tip apex, is one of the most important factors that determinate 

the spatial resolution of AFM images. An extreme sharp tip reduces the minimum detectable feature 

on the AFM image, which better characterize their topography for the high-quality AFM image. Typ-

ically, AFM cantilevers are fabricated by using microelectromechanical systems (MEMS) technol-

ogy, and thus the typical tip apex radius is in the range of 1-20 nm. The tip can be functionalized by 

chemical molecules, e.g. CO, that could further enlarge the spatial resolution. 

The characteristics of the cantilever, such as spring constant and resonance frequency, are critical 

parameters for AFM scanning. Cantilevers with different mechanical features are normally applied 

in distinct AFM scanning modes. For example, contact-mode AFM would prefer the soft cantilevers 

with spring constant in the range of 0.01-10 N/m, while non-contact AFM normally use cantilevers 

with spring constant of tens N/m and resonant frequency of hundreds kHz. These values are deter-

mined by the material and geometry of cantilever, such as thickness and cantilever shape. 
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1.2.2 Deflection	sensors	

As the force of tip and sample interaction is extremely small, the deflection of the cantilever is actu-

ally tiny and thus the sensor for detecting cantilever motion should be very accurate. The first attempt 

by Binnig was a tunneling current STM probe12, however the implementation and operation of this 

instrument were difficult. Nowadays, there are a number of approaches of deflection sensors were 

demonstrated, such as interferometer15, crystal oscillator16 and piezo-resistive cantiveler17,18, as 

shown in Figure 1.3.  

However, the most commonly used and efficient detection approach is the optical beam detection 

(OBD). The schematic of OBD deflection sensor is presented in Figure 1.3e. The basic principle of 

OBD deflection sensor is that, a laser beam is focused on the backside of cantilever and then is re-

flected to a 4-quanrant photodetector. The laser beam reflection records and magnifies the tiny can-

tilever deflection, showing a larger movement on the photodetector.  

 

Figure 1.3 The design of a number of AFM deflection sensors. The sensors include the current STM probe (a), interferometer 
(b), crystal oscillator (c), piezo-resistive cantilever (d) and optical beam detection (e). Adapted from Ref. 1. 
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1.3 AFM	Fundamentals	
In additional to the recent appearance of novel scanning modes, such as point-by-point modes and 

peck-force mode, there are typically three operating modes for AFM imaging, including contact 

mode, tapping mode and non-contact mode. Among them, the dynamic AFM imaging, including 

tapping and non-contact modes that sense the tip-sample force with a vibrating cantilever, is the most 

commonly used in AFM imaging due to its scanning sensitivity. In the dynamic mode, the cantilever 

vibrates close to (or at) its resonance frequency. Thus, understanding the theory of cantilever oscilla-

tion and its accurate calibration are fundamental in these dynamic modes. 

1.3.1 Cantilever	oscillation	and	calibration	

1) Cantilever harmonic oscillation 

Strictly speaking, the resonance oscillation of cantilever should be studied by performing the 

3D modelling. However, the 3D modelling is influenced by various factors, such as the can-

tilever shape, so that we should consider multiple effects of cantilever oscillation, including 

the torsional and lateral resonance modes, in the modelling. Thus, the 3D modeling of the 

cantilever oscillation and its theory could be quite complex. 

 

Figure 1.4 The theory of AFM cantilever oscillation. (a) Schematic of a driven damped harmonic oscillator. The mass is 
driven by a harmonic oscillator through the spring and a damping force is considered between mass and substrate.  (b) The 
scheme of the deflected cantilever beam with a thickness (t) and length (l). The spring constant (k), resonance frequency (f0) 
and quality factor (Q) are the important factors that affect the oscillation of the cantilever. Adapted from Ref.3.  

In practice, the simplest model of the cantilever, as a harmonic oscillator, is a mass on a spring 

that could be sufficient (Note, however, that the reduction of 3D model to this simplest 1D 

one is highly non-trivial). In the dynamic modes, the oscillated cantilever is driven by a piezo 
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with viscous damping in liquid or gas, which should be considered. Thus, the model of driven 

harmonic oscillator with damping is more realistic, as shown in Figure 1.4. 

Since the frictional force  and the spring force on the oscillating mass

, we have the equation of motion: 

  (1) 

Here, in this presented 1D model, the equivalent mass m is associated with various parameters, 

including material and geometry of the cantilever. By replacing , the tip-cantilever 

in the damped harmonic driven-oscillation system can be described by the equation: 

 
 (2) 

where  is the displacement of the mass, is the angular resonance frequency of the os-

cillating spring,  is the quality factor of damping condition,  is the spring constant,  

is the force of tip-sample interaction and is the displacement of 

driving oscillator. Thus, we have the oscillation amplitude of mass is: 

 
 

(3) 

where and are the amplitude and angular frequency of driving oscillation. 

2) Cantilever calibration 

For precise measurement and analysis based on AFM techniques, the cantilever should be 

carefully calibrated. An important parameter of the cantilever is the spring constant, which is 

related to the material and geometry of the cantilever. AFM cantilever is normally made of 

silicon or silicon nitride material with a typical Young’s modulus of around 100 GPa. An 

approximate estimation of the spring constant of a cantilever is: 
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  (4) 

where  is the Young’s modulus, ,  and  are the thickness, width and length of the can-

tilever respectively. The typically satisfied method to calculate the spring constant of a rec-

tangular cantilever is the Sander method19:  

  (5) 

This equation relates spring constant directly to the plan view dimensions of the cantilever 

(the width of cantilever b), the density of medium , the quality factor in liquid, the fun-

damental mode resonant frequency  and  is the imaginary part of the hydrody-

namic function19. This analytical expression offers a typical satisified calculation to obtain the 

spring constant of cantilever in liquid, or in air provided the quality factor 𝑄" ≫ 1. 

However, in practice, the most common approach for experimental measurement on the nor-

mal spring constant is the “thermal calibration” method20. By acquiring the thermal noise 

spectrum, we could have the spring constant: 

  (6) 

where is Boltzmann’s constant,  is the temperature and is the area under the curve of 

the thermal noise spectrum. This method is actually most useful in practice, providing con-

siderably accurate value of the spring constant. 

1.3.2 AFM	topographic	modes	

As a versatile analytic technique, there are a number of AFM operating modes available for imaging 

and investigating the different features of the surface at nanoscale. Among them, the most widely-

used application is still topographic imaging. Typically, AFM topographic imaging mainly includes 

three modes: contact mode, tapping (intermittent contact) mode and non-contact mode, where the 

latter two modes sometimes were termed the dynamic mode.  

The main difference between these modes is the oscillation of the cantilever and working distance 

between probe apex and sample surface (the force of tip-sample interaction). As shown in Figure 

1.5a, cantilever probe in the contact mode is the scanning on the surface without cantilever oscillation 
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while the other two modes oscillate their cantilever at its resonant frequency. Compared to the non-

contact mode in which the probe apex vibrates far from the sample surface, the tapping mode enable 

its probe to tap intermittently on the sample surface. As a result, the tip-sample interacting forces 

involved are different between these scanning modes. 

 

Figure 1.5 The working principle of typical AFM imaging modes. (a) Schematics of the cantilever movement on the sample 
surface. The violate, black and green curves represent the trajectory of the probe movement. (b) The operation range of 
different AFM modes on the force-distance curve. The contact mode is performed close to the sample surface in the repulsive 
force region, the cantilever in the tapping mode largely vibrates in the both repulsive and attractive region, and the canti-
lever in the non-contact mode vibrates with a small amplitude and senses the sample surface at a distance with a relatively 
small attractive force.    

To understand the tip-sample interaction at the working distance, one should address the question of 

the force variation between tip and sample as a function of distance. Indeed, in the ultra-small region 

(within several/tens nm) between very top of the apex on the AFM tip and the scanned sample surface, 

the interaction force can be approximately appreciated as short-range interaction force, as shown in 

Figure 1.5b. The force between tip and sample is the combination of attractive force and repulsive 

force, which both rise as the decrease of tip-sample separation. The attractive force mainly consists 

of van der Waals interaction that dominate the combined force in long-range (𝑟 > 2Å), where 𝑟 is the 

distance between tip amd sample. Whereas Pauli repulsion, as a key element of repulsive force, rules 

the short-range tip-sample interaction (𝑟 < 2Å). Overall, as the tip approaches the sample, the attrac-

tive force gradually enlarges to a certain value at distance (around 2 Å), and then repulsive force 

sharply increases and dominates the tip-sample interaction.  
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In practice, the situation of tip-sample interaction would be much more complicated. For example, 

the surface tension would be one of important properties of the scanned sample that could greatly 

influence the tip-sample interaction. Besides, various further factors in the experimental environment 

could also significantly impact the tip-sample force, including tip size, viscosity and temperature, but 

it is not fully discussed here. Figure 1.6b also represents the working distance and the involved force 

in different scanning modes. As seen, the non-contact mode is operated in the regime of relatively 

small attractive force, while the contact mode is normally performed with a large tip-sample force 

involved. The probe in the tapping mode swings between attractive and repulsive force within each 

oscillation cycle. 

1) Contact mode 

The contact mode, also named static mode, is the first and simplest mode developed for the AFM 

scanning and imaging. In contact mode, AFM probe is touching and scanning the sample surface 

statically without oscillation, where the involved tip-sample interaction is a large repulsive force, 

as seen in Figure 1.5. The interplay between tip and sample is located in the close region, where 

the force in this mode is large (tens to hundreds nN) and the slope of force-distance curve is 

rather steep. This means intensive variation of tip-sample force would be possible while scanning 

on the rough surface, so that a soft cantilever is typically used in the contact mode with a spring 

constant of 0.1-10 N/m.  

There are several types of contact mode, which are the constant height mode, constant force 

mode, constant error mode and lateral force mode. In constant force mode, the feedback loop 

senses the tip-sample interaction by maintaining a constant deflection of cantilever and thus ap-

plies a constant force. By contrast, the constant height mode allows a varying force of tip-sample 

interaction during scanning. The lateral force mode is to measure the friction between tip and 

sample that laterally bend the cantilever. 

There are some advantages of the contact mode. For example, this mode could provide the high-

est scanning rate as the static cantilever scanning without vibration. Besides, the noise is very 

low in this mode and thus it is used for the extreme high-resolution AFM images. However, the 

contact mode is less popular in many current applications of AFM imaging. The main reason is 

the difficulty in controlling of the force between tip and sample in contact mode. This is because 

the contact mode is operated in the repulsive force domain, where the large force varies quickly 

with a slight difference of tip-sample distance. In addition, these is a risk of damaging the probe 

apex while scanning on the rough sample surface, as well as scratching or destroying the sample. 
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2) Tapping mode 

In tapping mode, the cantilever oscillates during the scanning driven by the piezo at/near its 

resonant frequency. In amplitude modulation mode, the frequency and amplitude of the oscilla-

tion are maintained constant. Normally the amplitude of the oscillation is large (tens to hundreds 

nm) and tapping on the sample surface, and thus there is still risk of damaging the probe apex. 

Generally, the tapping mode cantilever is more rigid (𝑘~	40	𝑁/𝑚) with a high quality factor. 

The tapping mode is a good choice in the applications of large-force surface characterization, 

such as measuring the nanomechanical properties21,22. 

3) Non-contact mode 

The cantilever in the non-contact mode oscillates relatively far from the surface, in the regime 

of several to tens nm, with a smaller amplitude (typically within 30 nm) compared with tapping 

mode. Thus, the oscillating probe undergoes relatively small attractive force. The rigid cantilever 

often shows a high resonance frequency of hundreds kHz and a high quality factor. 

Non-contact mode is now the most popular mode in the conventional AFM applications. The 

main advantage of non-contact mode scanning is that, with the large tip-sample distance and 

small tip-sample force, the high sensitivity of topographic measurement is also maintained. Thus, 

the cantilever allows a soft and gentle scanning on the sample, which benefits the obtaining a 

high-quality image and preserving both tip and sample during imaging.  

In the feedback loop, a setpoint is required to maintain the desired tip-sample interaction during scan-

ning. In the contact mode, this setpoint is the fixed cantilever deflection and its related tip-sample 

force. However, in dynamic modes, there are typically two approaches to trace and maintain the scan-

ning: the amplitude modulation and the frequency modulation. 

The former modulates the oscillation amplitude at a constant frequency close to its resonant fre-

quency. While the oscillated cantilever during scanning becomes closer to the sample, the peak of 

amplitude-frequency response shifts to higher frequency, and this peak shifts to lower frequency 

while the tip moves away from surface, as shown in Figure 1.6. By varying the tip-sample separation 

to maintain the oscillation amplitude, AFM could trace the morphology of the scanned sample. 

The latter regulates the oscillation frequency at a constant oscillation amplitude, with a frequency 

shift as the feedback for topography. In this mode, we detect the variation of the cantilever resonant 

frequency to calculate the frequency shift, which caused by the variation of tip-sample distance. 
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While cantilever is far away from surface, the resonant frequency is , where  is a func-

tion of cantilever mass and is the spring constant. With a force  applied on the surface, the reso-

nant frequency becomes , where is the derivative of the applied force. This FM mode 

is frequently used in ultra-high vacuum (UHV) environment with a phase-locked loop. It is less em-

ployed in the conventional AFM imaging due to the high requirement of the instrumentation to trace 

the resonant frequency, but more recently the bimodal frequency AFM is getting more and more 

interests due to the high resolution and high contrast material discrimination23–25. 

 
Figure 1.6 The AFM driving signal-cantilever amplitude response. The amplitude of cantilever oscillation against the driv-
ing frequency, while approaching and retracting the surface (due to attractive and repulsive force). The red curve indicates 
amplitude-frequency spectrum of the free oscillation, while the gray and black curves shows the curves under the attractive 
and repulsive forces respectively. The green and blue signs represent the frequency and amplitude modulation respectively. 

 

1.4 The	operation	of	AFM	imaging	
In practice, the operation of AFM instrumentation to obtain high-quality AFM images is complicated 

that requires the attentions on many key features, ranging from sample preparation to optimizing the 

scanning parameters and image post-processing. 

1.4.1 AFM	scanning	parameters	

There are a number of scanning parameters required to be optimized in order to obtain the high-

quality AFM images. These parameters should enable a well-controlled tip-sample interaction during 

scanning that best describes the sample topography. Typically, the following three parameters are the 

most critical for conventional AFM imaging. 
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1) Setpoint 

The setpoint is typically the desired tip-sample force, to determine a stabilized tip-sample inter-

action during the scanning on the surface. The resulting error signal, which is the difference 

between setpoint reference and actual value, is minimized by adjusting the z-piezo according to 

the signal of feedback loop. The resulting piezo movement provides the height information of 

the surface topography, while, however, an inappropriate setpoint provides unreal description of 

the sample morphology, as shown in Figure 1.7. In general, the setpoint in the contact mode is 

the cantilever deflection (the force applied on tip-sample interaction), while the most common 

setpoint in the dynamic mode (AM-AFM) is the oscillation amplitude of the cantilever. 

 

Figure 1.7 Possible scanning artifacts in the AFM imaging. The AFM images in non-contact mode with different scanning 
parameters, including setpoint (left), scan rate (middle) and gain (right). The AFM images with better scanning parameters 
are presented on the top.  With an inappropriate parameter, the scanned sample shows the unreal profile, sometimes with 
a “tail” in the direction of scanning. These artifacts are marked with red circles. The scale bar is 500 nm. 

2) Scanning rate 

The scanning rate is also an important parameter for AFM imaging, especially in the dynamic 

mode. This is because, the high scan rate might not allow the oscillating probe to trace the real 

shape of sample within several oscillation cycles. Thus, a relatively slow scanning rate is utilized 

in the conventional AFM imaging with several to tens minutes. Besides, the selection of scanning 

rate, in both contact and dynamic modes, should also depend on the sampling speed of AFM 

electronics, as well as whether or not the electronics is capable of tracing the height information 

in a high scanning rate (Figure 1.7b). Nevertheless, another solution is to enlarge the resonance 

frequency of scanning cantilever. Recent advances in the high-speed AFM with short cantilever 

(resonance frequency of 1-5 MHz) allow the development of AFM with unprecedented scanning 

rate, up to 100 ms, which is wildly used in many biological applications. 
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3) Gain 

The gain is the feedback response of z-piezo movement to the error signal from feedback loop. 

In fact, there are multiple gains in the AFM system, including integral gain, proportional gain 

and differential gain. The adjustment of gain setting could lead to huge difference in the image 

quality. If the gain is much lower than it should be, the response from the z-piezo will be too 

slow to trace the sample profile, resulting in the “tails” on the AFM image (Figure 1.7c). More 

importantly, for the sample with sharp edges, there is a risk of damaging the AFM probe. If the 

gain is much larger than it should be, high frequency excitations might be generated during scan-

ning, as well as a higher degree of the noise, which may affect the quality of the height infor-

mation on the AFM images. 

1.4.2 The	quality	of	scanning	AFM	probe		

The quality of the scanning probe is another significant factor for acquiring a high-quality AFM im-

age. On one hand, the sharpness of tip apex directly determines the spatial resolution of the AFM 

image. Furthermore, the high aspect ratio probe can much better describe the specimen with sharp 

edges by reducing the deconvolution effect, and the diamond coated probe processes a longer life 

span while scanning stiff samples. On the other hand, the importance of preserving a sharp and clean 

tip on obtaining a high-quality AFM image is clearly evident. Figure 1.8 shows an example of the 

problematic probe with a broken apex and the contaminants on the tip, which thus generated artifacts 

for each object on the AFM image. 

 
Figure 1.8 Importance of AFM tip on the image quality. (a) The SEM image of a problematic probe, with a broken apex and 
contaminants attached on the tip. (b) The AFM image generated by a problematic probe with dual scanned structures for 
each object on the AFM images. 
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1.4.3 AFM	deconvolution	effect	

The deconvolution effect is a common phenomenon during the AFM scanning that should be consid-

ered in analyzing morphological profile. This effect is due to the inverted-pyramid-shaped AFM 

probe with a typical half cone angle value of ca. 10°, so that AFM tip is not capable of perfectly 

detecting the precise morphology of the sample with sharp edges, especially for the nanoscale speci-

men, as shown in Figure 1.9. It is impractical to absolutely eliminate this deconvolution effect, how-

ever, plenty of efforts had been made to reduce this effect, such as the carbon nanotube26, nanowire27, 

or hydrogel assisted28, FIB fabricated29 probes, by increasing the aspect ratio of the AFM probe. 

 
Figure 1.9 The deconvolution effect of AFM imaging. (a) The schematics of deconvolution effect. The AFM probe is scanning 
on the sample with a smaller size than the tip, while red dashed line is the cross-section height profile of the scanned sample. 
It is clearly seen that this profile do not match the side edge of the scanned object, while the maximal height of scanned and 
actual profile match. (b) An example of the high-aspect ratio AFM probe. The single-walled nanotube bundle attached on 
the silicon AFM probe that provides an apex with a conical geometry and a diameter of 20 nm. Adapted from26. 

1.5 AFM	nanoindentation	
AFM nanoindentation is a non-topographic mode of AFM-based technologies. Instead of acquiring 

the topographic information, AFM is utilized to apply a certain force at a specific location on the 

surface, by approaching the tip on and then retracting it from the surface. A typical force-distance 

curve is shown in Figure 1.10a, and various information could be obtained from this curve, such as 

Young’s modulus, adhesion and deformation. By acquiring the force-distance curve at multiple loca-

tions in an array, one could carry out the quantitative AFM nanoindentation. The electronics allows 

the high precision measurement for the spatial resolution of up to 1 nm and for a force sensitivity in 

the order of piconewton. Thus, by analyzing each force-distance curve, it is possible for obtaining the 

topographic image and the map of Young’s modulus, deformation and adhesion (Figure 1.10b)30 that 

reveals more details of the investigated specimen. 



Chapter 1. Introduction of AFM 

 

17 

 
Figure 1.10 The force-distance curve and quantitative mapping of multiple properties of sample. (a) The schematics of 
the force-distance curve with the approaching (red) and retracting (blue) curves. (b-d) The schematic of the quantitative 
AFM nanoindentation, with the multiple information from force-distance curve and the corresponding maps of topography, 
Young’s modulus, deformation and adhesion (adapted from Ref.30).    

1.6 AFM	force	spectroscopy	
The developments on AFM technologies extended the application toward nanotechnological probing 

on biological, chemical and physical interactions31. Another non-topographic mode is the AFM force 

spectroscopy that has been widely applied in the cell mechanobiology32,33 and protein mechanics34,35. 

In the former case, the AFM probe is normally used with chemical or biological functionalization, or 

even replaced by cellular or viral interactions, shown in Figure 1.11a. Thus, by probing specific in-

teractions of cell surfaces, this approach could obtain unique insight into their structural and func-

tional modulation on the surface macromolecules and proteins. The latter application of single-mol-

ecule force microscopy is one of the most widespread techniques that are capable of providing the 

distinctive mechanical fingerprints to study the unfolding and folding dynamics of single protein 

molecules35 and of identifying their mechanical features34. 
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Figure 1.11 Schematics of AFM force spectroscopy applications. (a) The functionalized AFM probe for detecting the chem-
ical, biological, cellular or viral interactions (upper). The schematic representation of the chemical and biological function-
alized AFM probes for studying the interaction of cell surface (lower). Adapted from Ref.33. (b) Schematics of the AFM single-
molecule force spectroscopy to study single tandem-repeated polyprotein mechanics (upper) and the force-extension curve 
from the stretching of such a tandem-repeated polyprotein (lower). Adapted from Ref.35.   

1.7 AFM-IR	nanospectroscopy	
The latest development of AFM technologies drives AFM methodology to combine with other tech-

niques that could enhance greatly advantages in the related field. AFM-infrared (AFM-IR) nanospec-

troscopy, as one of these combined technologies, is the combination of AFM imaging and infrared 

spectroscopy. By focusing a pulsed tunable IR laser on the top of AFM probe, the localized temper-

ature will be raised, while the wavenumber of the tunable laser matches the resonant frequency of the 

molecular vibration of illuminated sample. Then, this rise of localized temperature induces photo-

thermal expansion, which could be detected by a soft AFM cantilever, shown in Figure 1.12. With 

this approach, either the absorption spectrum at a specific location or the absorption map at a certain 

wavenumber could be obtained. AFM-IR enables surface characterization and chemical analysis with 

an unprecedented spatial resolution of less than 20 nm13. By contrast, the most commercial Fourier-

transform infrared spectroscopy (FTIR) could only achieve a spatial resolution of several µm. Thus, 

this promising approach of nanospectroscopy that can be used to perform unambiguous chemical 

analysis and compositional characterization at nanoscale, has been widely used applied in material36,37 

and biological38–40 applications. 
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Figure 1.12 The schematics of AFM-IR and AFM nanomotion methods. (a) The schematic diagram of AFM-IR. The pulsed 
tunable IR laser is focused on the region of probe apex. While light wavelength matches the absorbing bands of sample, it 
generates the molecular resonance and induces photothermal expansion that can induce the ring-down oscillation of AFM 
cantilever. The amplitude of oscillation is proportional to IR absorption, and thus the localized IR absorption spectrum can 
be recorded. Adapted from13. (b) The scheme of typical nanomotion susceptibility test. The intact bare cantilever shows low 
thermal-noise-driven fluctuations (top) while after the attachment of bacteria, the oscillation signal is large due to possibly 
their metabolic activity (middle), which becomes again lower after exposure to antibiotics (bottom). Adapted from Ref.41. 

1.8 AFM	nanomotion	sensor	
Compared to the nanoscale characterization in the topographic and non-topographic modes, AFM 

nanomotion sensor employs a tipless cantilever, providing a rapid and reliable measurement on the 

vibration of cantilever, as shown in Figure 1.12. The principle of AFM nanomotion sensor is simple 

achieved by detecting the vibration of cantilever immobilized with the active living organism. Now-

adays, the AFM nanomotion sensor is used in the applications of disease diagnose, and drug discov-

ery, such as antibiotic susceptibility/resistance test41,42, as well as the cellular activity43 and life de-

tection44. For instance, in the case of antibiotic susceptibility measurement, the living bacteria firstly 

were immobilized on the tipless cantilever, with very low spring constant (typically less than 0.1 

N/m), and the existence of bacteria increases the fluctuation of cantilever. Thus, the response of the 

bacteria to the antibiotics, including the sensitivity and response time, can be observed by screening 

the cantilever fluctuation45. In this way, we could have a better understanding on the bacteria-antibi-

otics response, and similarly the technique can be used to study various biological systems.  

1.9 Other	cutting-edge	AFM	techniques	
In addition to the AFM technologies indicated above, there are plenty of AFM based techniques that 

widely used in various applications. Hereby, I list several novel approaches based on the principle of 

AFM that generates considerable impacts in various applications. 

1) Atomic-resolution AFM imaging: AFM imaging provides sub-nanometer vertical resolution, 

but the lateral resolution was difficult to be improved. The main difficulty is the size of tip 
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apex, which is in the order of nanometer, much larger than a single molecule. This problem 

has not been solved until Leo Gross and his colleagues’ work by functionalizing the tip apex 

with CO molecules as apex termination46. They showed an unprecedented lateral resolution 

for imaging an individual pentacene molecule on Cu(111). After that, more and more re-

searches has been designed on visualizing more molecules and componds47,48, controlling the 

single-molecule manipulation8, and detecting the chemical synthesis49 and single-molecule 

chemical reaction50,51. 

2) AFM-Raman spectroscopy: Raman spectroscopy is a popular technique in the applications in 

the field ranging from the material science to chemistry and biophysics, especially for the 

identification of molecular composition from complex material, although the problem of spa-

tial resolution is clear. AFM-Raman spectroscopy allows this investigation in a much higher 

spatial resolution (up to sub-nanomter14) than the conventional Raman spectroscopy. By em-

ploying a metallic tip to excite surface plasmon and thus enhance the sensitivity, tip-enhanced 

Raman spectroscopy (TERS) attracted great interests and was intensively studied52,53. Be-

sides, recent progresses on AFM-Raman shows that the molecular resonance of a single mol-

ecule can be detected14. 

3) High-speed AFM (HS-AFM): HS-AFM is a type of recently developed technique that pro-

vides fast AFM scanning, with a high spatial resolution and a temporal resolution of up to 100 

ms. Nanoscale imaging with such time resolution is perfectly appropriate for visualizing the 

phenomena in the biological activities, such as protein dynamics and protein-lipid interac-

tion54,55. Typically, HS-AFM is equipped with a short cantilever with a resonant frequency of 

1-5 MHz in liquid and a spring constant of 0.1-0.2 N/m to ensure high-performance in the 

high-speed scanning. More recent advances of HS-AFM, such as height spectroscopy56, allow 

to obtain more detailed information on the biomolecules, at a specific location or at a single 

line, with an even higher temporal resolution (up to tens µs).
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 Protein	aggregation	and	related	
human	diseases	
The origin of protein aggregation and the mechanism of amyloids fibril formation is one of the most 

important topics that we had been focusing on during my PhD study. This topic will be highlighted 

and intensively discussed in the several following chapters. Thus, I believe it is worthwhile to give a 

separate introduction on this topic.  

This section includes an introduction on the current situation of neurodegenerative diseases and am-

yloidosis, their association with protein misfolding and amyloid formation, the current understanding 

on the mechanism of the aggregation pathway and aggregation kinetics, functional material and nan-

otechnological application, as well as the techniques for in vitro characterization of the protein ag-

gregates and amyloid fibrils.  

2.1 Protein	misfolding	and	neurodegenerative	diseases	
Protein is the architecture from one or more polypeptides, which is a linear long chain of amino acid 

residues assembled from the DNA decoding process. In the living organisms in nature, protein plays 

a fundamentally significant role in composing multiple complex organisms and operating their bio-

logical activities. To enable these polypeptides to be functional proteins, such polypeptides should be 

folded into specific structures, including secondary and quaternary structures, which determine their 

biological activities. One of the surprising characteristics of protein folding is precision and fidelity 

from polypeptide to the protein with a unique shape57. However, there is a risk of failure during this 

process, termed protein misfolding, which produces protein aggregates especially for certain types of 

proteins, such as Amyloid-b.  

The process of protein misfolding typically starts from the native state or unfolded soluble protein, 

resulting in the formation and proliferation of insoluble highly-ordered fibrillar (thread-like) aggre-

gates, termed amyloids58. The fibrillar aggregates or intermediates yielded during protein misfolding 

process may show huge pathological significances and the association with various diseases, because 

of the accumulation of aggregates or their cellular toxicity. So far, more than 50 disorders have been 

proved to be associated with protein misfolding and protein aggregation, as shown in Table 2.1. These 
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diseases can be classified as three categories: neurodegenerative diseases, non-neuropathic systemic 

amyloidosis and non-neuropathic localized amyloidosis. The neurodegenerative diseases, including 

the Alzheimer’s disease and Parkinson’s disease, is the neurologic disorders that result from the dam-

age of the central nervous system (CNS). Depending on the amyloid deposition, non-neuropathic 

amyloidosis can also be sorted as localized and systemic diseases59, such as the light chain amyloi-

dosis and Type II diabetes.  

 Diseases Protein or peptide Number of residues Structure of protein or peptide 

Neurodegenerative diseases 

 Alzheimer’s disease Amyloid-β 37-43 Intrinsically disordered 

 Parkinson’s disease α -Synuclein 140 Intrinsically disordered 

 Huntington’s disease Huntington fragment Variable Mostly intrinsically disordered 

 Spongiform encephalopathies Prion protein 230 Disordered and α-helical 

 Familial amyloidotic polyneuropathy Transthyretin mutants 127 β-sheet 

Non-neuropathic systemic amyloidosis 

 Amyloid light chain amyloidosis 
Immunoglobulin light 
chain 90 β-sheet and lg-like 

 Amyloid A amyloidosis Serum amyloid A1 protein 76-104 α-helical and unknown fold 

 Senile systemic amyloidosis Wild-type transthyretin 127 β-sheet 

 Hemodialysis-related amyloidosis β2-microglobulin 99 α-helical and lg-like 

 Lysozyme amyloidosis Lysozyme mutants 130 α-helical and β-sheet 

Non-neuropathic localized amyloidosis 

 Type II diabetes Amylin 37 Intrinsically disordered 

 Apolipoprotein A1 amyloidosis Apo A-1 fragments 80-93 Intrinsically disordered 

 Injection-localized amyloidosis Insulin 21-30 α-helical and insulin-like 

 

Table 2.1 A collection of diseases that associated with protein misfolding from more than 50 diseases, and the features of 
their associated proteins. Adapted from Ref.58,60. 
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2.1.1 The	situation	of	protein	misfolding	diseases	

The protein misfolding diseases is causing huge problems and affecting millions of people world-

wide. Here, we give a brief introduction to the current situation for several typical protein misfolding 

diseases, including the Alzheimer’s and Parkinson’s diseases.  

According to the latest report from World Health Organization (WHO), around 50 million people 

worldwide suffer from dementia. Dementia is a syndrome in which there is deterioration in memory, 

thinking, behavior and the ability in daily activities, and Alzheimer’s disease is the most common 

form of dementia that contribute to 60-70% of all the cases (https://www.who.int/news-room/fact-

sheets/detail/dementia). Moreover, there are nearly 10 million new cases of dementia every year with 

an increasing trend in the coming years. Although the elderly is commonly affected, it is shown that 

young victims are more and more common. Thus, Alzheimer’ disease is attracting widespread atten-

tions among plenty of government and research institutes worldwide. In United State, the cost for the 

care of Alzheimer’s disease in 2017 was 232 billion, but in comparison, the funding that related to 

the research on Alzheimer’s disease was much less. In the brain of the patient of Alzheimer’s disease, 

plenty of plaques and neurofibrillary tangles, mainly consisting of amyloid-β (Aβ) fibrils and tau 

aggregates respectively, were found, suggesting their association between Alzheimer’s disease. 

Parkinson’s disease is a progressive nervous system disorder that affects movement of body, includ-

ing regularly tremors, rigid muscles and uncontrolled slow movement. This aged related disease is 

the second most common neurodegenerative disorder after Alzheimer’s disease, with about 10 mil-

lion victims worldwide. The main pathological feature of Parkinson’s disease is the loss of the neuron 

in the basal ganglia and the presence of the Lewy body, which the accumulation of the α-synuclein 

(α-Syn) aggregates, in the remaining neurons. More and more strong evidences showed the direct 

correlation between α-Syn and Parkinson’s disease. 

2.1.2 Protein	aggregate	toxicity	

The evidences of the association between amyloids and neurodegenerative diseases are proved by the 

discovery in the patient’s brain: amyloid-β aggregates in plaques and tau aggregates in neurofibrillary 

tangles are related to the Alzheimer’s disease, and Lewy bodies with abundant α-synuclein fibrils are 

the key feature of the patients with Parkinson’s disease. Although recent processes on understanding 

the amyloid fibril and protein aggregates, the mechanism of protein aggregate toxicity in neurodegen-

erative diseases remains unknown61.  



Chapter 2. Protein aggregation and related human diseases 

 24 

Current investigations proposed several hypotheses on the possible origin of protein aggregate tox-

icity: amyloid oligomers, the amyloid fibrils, other oligomers off the pathway to fibrils, the process 

of fibril growth, or cellular stress61. These factors can be toxic entities or toxic process that threat the 

cell by, for example, perturb the integrity of the cellular membrane.  

2.2 Protein	misfolding	and	aggregation	pathway	
In living organisms, there are various amyloidogenetic proteins in the native state at a certain level of 

concentration. Many of these proteins play an important role in the cellular or intercellular activities. 

For example, α-synuclein appears in the region of presynaptic terminals of the neuron, where α-synu-

clein interacts with phospholipids and proteins, also contributes to the release of the neurotransmitter 

and the communication between neurons62,63.  

  

Figure 2.1 Schematic representation of the conversion of globular proteins into amyloid fibrils. The natively folded protein 
can be generated from the unfolded polypeptide through a partially unfolded conformation, while these states of monomers 
and short fragments may misfold and form the oligomeric aggregates, and proceed the aggregation to generate the proto-
filaments and then mature fibrils. Adapted from Ref.64 

However, the accumulation and aggregation of these natively folded proteins form filamentous fibrils 

with highly ordered cross-β-sheet structure, as shown in Figure 2.1. The unfolded and partially un-

folded proteins may form the cross-β-sheet structure and generates the protein oligomers. Whereas, 

the natively folded protein may also convert their native structure to form the misfolded oligomers 

by cascade transition, and this may because there is a lower free-energy level of the aggregated-state 
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oligomer over the native-state monomer65. Then, the oligomer continues the aggregation process and 

forms the protofilament stabilized with cross-β-sheet structure along the direction of fibril axis. Fur-

ther, the accumulation of protofilaments interacts with monomeric protein according to different ag-

gregation processes, such as secondary nucleation, and evolves to mature fibrils. In the final solution, 

there is an equilibrium balance of amyloid fibrils and monomers in the solution. 

2.2.1 Aggregation	kinetics	

A well-known feature of the typical aggregation process is the three characteristic stages: lag phase, 

growth phase and final plateau regime, as shown in a typical sigmoidal-shaped aggregation kinetics 

curve in Figure 2.2a. As an initiating phase in the aggregation process, the lag phase is very important 

and molecular events regulating the lag phase in fibril formation can make a significant importance 

in determining aggregation kinetics of the whole aggregation process. It is shown that, instead of only 

primary nucleation as previously described66, the lag-phase contains multiple parallel microscopic 

relations, including the amplification of primary nuclei and the proliferation by secondary nucleation 

and fragmentation processes67,68. Then, a steep transition zone of the growth phase is followed, where 

an exponential increase of the aggregate volume indicates the accelerated aggregation progress. After 

that, the curve reaches a final plateau, suggesting that the amounts of aggregates and monomers in 

the solution maintain are stable. In this period, the transition from monomer to fibril is saturated, 

while there is a dynamic equilibrium of the concentration of monomers and aggregates67. 

This sigmoidal aggregation kinetic curve is associated with the microscopic processes, for example, 

the exponential reaction in the growth phase is due to the operative pathway69. Plenty of studies tried 

to investigate the link between the aggregation curve and the microscopic processes, but limited re-

sults had been achieved. To better understand the aggregation from soluble monomer to mature fibril, 

a systematic analytical approach of aggregation chemical reaction had been established by Knowles 

and et al60,69,70. With a quantitative analysis on the experimental kinetic data, this mechanistic frame-

work could clarify the reaction mechanisms by underlying the role of various microscopic aggrega-

tion steps, including primary nucleation (from monomers to fibril), elongation (adding monomers to 

the end of existing aggregates), secondary nucleation (adding monomers on fibril surface) and frag-

mentation (splitting the existing fibrils), in a specific experiment (Figure 2.2b). 
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Figure 2.2 The analysis on the protein aggregation kinetics. (a) The typical macroscopic aggregation kinetic curve of amy-
loid formation, indicating the aggregation concentration (in monomer equivalents, % of total monomer) as a function of 
time. (b) Microscopic processes underlying amyloid formation: primary nucleation from monomers to fibril; surface cata-
lyzed secondary nucleation from monomers to fibril surface; and fragmentation by splitting the existing fibrils. (c) Compar-
ison of such integrated rate laws with experimental kinetic measurements enables the relative importance of specific mi-
croscopic processes to be tested. In this example, the aggregation kinetics for increasing concentrations (colored lines) of 
the amyloid-β peptide are compared with integrated rate laws that contain primary nucleation (left), fragmentation (center) 
and monomer-dependent secondary nucleation (right). The data show that secondary nucleation is the dominant process 
under these conditions. Panels b and c are adapted from Ref.60. 

These kinetic data of the relative aggregate concentration are typically obtained from macroscopic 

measurement of Thioflavin T (ThT) fluorescence assay. By comparing the integrated rate laws with 

experimental kinetic measurements, the relative importance of specific microscopic processes can be 

tested. In this example (Figure 2.2 c), aggregation kinetics for increasing concentrations of the amy-

loid-β peptide are compared with integrated rate laws of primary nucleation (left), fragmentation 

(center) and monomer-dependent secondary nucleation (right), showing that secondary nucleation is 

the dominant process in this experiment60. However, there are several key requirements for analyzing 
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the data with the nucleation and growth model, including reproducible sigmoidal curves. Also, the 

complex curve shape with biphasic behavior, which is often due to poor control of initial conditions 

and insufficient purity, cannot be analyzed71. 

2.2.2 Molecular	structure	of	Amyloid	fibril	

Mature amyloid fibrils are typically composed of several protofilaments by twisting or stacking each 

other in the direction of fibril axis. The protofilaments consist of an ordered and repetitive arrange-

ment of hydrogen-bonded intermolecular β-sheets, along the direction of the fibril axis61. X-ray fibril 

diffraction studies suggested the dimension and the size of the intermolecular cross-β-sheet structure, 

with the space between β-strands of 4.8 Å and typical distance between stacked β-sheets of 6-12 

Å72,73. Lately, the development of CryoEM74,75, solid-state NMR spectroscopy76,77 has facilitated the 

study on the more detailed molecular structure of amyloid fibrils, as shown in Figure 2.3a. All the 

experimental results in molecular dimension show that, the hydrogen-bonding network between the 

β-strands is the critical factor to immobilize and form the thermodynamically stable β-sheet backbone 

structure along fibril axis60,61,74. 

 

Figure 2.3 The cryoEM revealed molecular structure of amyloid fibrils. (a) Close-up details of the NMR atomic-resolution 
structure of the triplet 11-residue transthyretin (TTR) fibril fitted into the cryo-EM reconstruction (Center). The background 
image of the fibril (left) was taken using TEM (scale bar, 50 nm). The fibril surface (right) are shown at 1.0σ (white) and 2.2σ 
(yellow) above the mean density, respectively, and the constituent β-sheets are shown in a ribbon representation; oxygen, 
carbon and nitrogen atoms are shown in red, gray and blue, respectively. Adapt from Ref.74. (b) The cryo-EM structures of 
the rod (left) and twister (right) polymorphs of the full-length a-synuclein fibrils shown as density slices (top inlet), as semi-
transparent surfaces overlaid with their atomic models viewed from two different angles (lower panels). The rod (blue) and 
twister (red) polymorphs contain two protofilaments composed of stacked β-sheets and packed by an approximate 21 screw 
axis of symmetry. Shown on the left and right sides are the 3D model of the rod and twister fibril polymorphs, respectively, 
with their distinctively different helical pitches depicted. Adapted from Ref.78. 
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Then, the influence of the intermolecular interactions between β-sheets of the fibril-forming segment 

on the full-length protein fibril was found. Eisenberg and his colleagues proposed the steric interac-

tion that pairs the β-sheets in the fibril core by studying the amyloid-forming segments79–82. With the 

protofilament of steric zipper structure, the side chains emanating from the two sheets are tightly 

interdigitated, like the teeth of zipper83. The steric zippers have dry interfaces between the two sheets, 

and this hydrophobic effect contributes to the stability of paired-sheet of amyloid fibril. Different 

types of cross-β-sheet structure can be classified, according to the direction of β-strand (parallel or 

antiparallel), interacting surface of β-sheet (face-to-face or face-to-back) and orientation of the β-

sheet packing (up-up or up-down)61. The face-to-face packing is the most common sheet-to-sheet 

steric arrangement, while face-to-back, head-to-tail packing arrangements can be found in many 

short-peptide fibrils. Besides, the inter-sheet interaction can also generate the side-by-side β-sheet 

interaction, with the head-to-tail or head-to-head arrangement74,84,85, which is believed to be origi-

nated from the hydrogen bonding74,86. 

Recent years, the studies of full-length proteins were carried out gradually that shows sub-Angstrom 

level resolution of the details of amyloid fibrils. The atomic models of mature fibrils of full-length α-

Syn78,87,88, Aβ89, and Tau90 proteins show that the steric zippers exist also in a paired β-sheets in the 

protofilaments. Most populations of these protofilaments show twisted polymorph, while the proto-

filaments with rod-like polymorph in the case of α-Syn were also observed78. Analysis on the estab-

lished structures of disease-related α-Syn fibrils contributes to the mechanistic understanding to the 

pathogenesis of synucleinopathies, such as template recruitment and propagation78,91. Besides, drug 

design targeting these fibrils for the treatment of related protein misfolding diseases can be hinted by 

considering the molecular structures. For example, the fibril-binding compounds and their derivatives 

suggest that the increase of binding effect strengths fibril stability and decreases aggregate toxicity, 

by shifting the equilibrium from toxic oligomers to fibrils92. 

2.2.3 Amyloid	polymorphism	and	order-order	transitions	

Amyloid fibril polymorphism, referring to the variation of three-dimensional packing of protofila-

ments, is a widespread feature of mature fibril formation, irrespective of the types of amyloid fibrils. 

Remarkably, this phenomena had been observed both in vitro93 and in vivo94, indicating the im-

portance of understanding the association among this polymorphic architectures. High-resolution 

AFM, cryoEM and TEM are extremely useful tools to reveal the protofilament arrangement of mature 

fibril at this microscopic scale. 
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Figure 2.4 Amyloid polymorphism and order-order transition. (a-h) Morphological polymorphism of amyloid fibrils. A) The 
observed polymorphic sequences in protein and amyloidogenic peptides: twisted ribbons, the most common amyloid poly-
morph, evolve into either crystal through untwisting and lateral aggregation or helical ribbons upon the increase in lateral 
width and then nanotube through closure of the edges. AFM image of left-handed twisted ribbon (B), helical ribbon (C) and 
nanotube (D) amyloid structure assembled from heptapeptide CH3 CONH-bAbAKLVFFCONH2. E) Cryo- SEM and F) AFM 
height images showing the progressive (see arrows) lateral growth steps and final closing of lysozyme helical ribbons into 
nanotubes. An AFM image of the right-handed helical ribbon (G), right-handed twisted ribbon (H) and left-handed twisted 
ribbon (I) amyloid structure assembled from the hexapeptide ILQINS. J) An AFM image of the amyloid crystal structure as-
sembled from the hexapeptide TFQINS. K) The energy landscape of protein folding (green) and aggregation (red). During 
folding, protein molecules sample various conformations while traveling downhill on a potential free-energy surface (green) 
toward the thermodynamically favorable native state. Kinetically trapped on- or off-pathway intermediates occupy low-
energywells (folding intermediates and partially folded states). Molecular chaperones assistant the folding by lowering free-
energy barriers and prevent aberrant intermolecular interactions (red), which can lead to various forms of aggregates 
(amorphous, oligomeric, fibrillar). Fibrillar (amyloid-like) aggregates may be the most thermodynamically stable. L) Sug-
gested energy landscape for the main amyloid polymorphs: twisted ribbons, helical ribbons, nanotubes, and crystals. Amy-
loid crystals occupy the ground state in the landscape, whereas all other polymorphs are metastable and occupy relative 
minima. Panels A-J and L are adapted from 93, and panel K is adapted from 100,101. 

The diverse spectrum of the protofilament packing arrangement indicates the existence of twisted-

ribbon, helical ribbon, nanotube, rod-like and crystal-like fibrils, as intensively reported in the litera-

ture85,93,95. The polymorphic fibrils with different molecular organizations indicate that various inter-

molecular interactions among the protein aggregates. More interestingly, a clear transition among the 
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polymorphic fibrils, assembled from the heptapeptide CH3CONH-βAβAKLVFF-CONH2, was ob-

served93,96,97, which greatly expanded our understanding on the interplay among different fibril poly-

morphs. For this heptapeptide, as shown in Figure 2.4a-f, the most commonly-founded twisted fibril 

shows two pathways of further transition: 1) the twisted fibrils untwist themselves and further later-

ally assemble to form crystals, 2) twisted fibrils maintain or further enlarge the twisting while increase 

lateral width, transiting to helical ribbons and further evolving to nanotube shape. Between these two 

pathways, there is a competition between the intrinsic chirality of building blocks that favors twisted 

structures and a mechanical strain that suppresses twisting98,99, that determines the final polymorphs 

of amyloid fibril. 

As shown in Figure 2.4k, the traditional argument from the perspective of energy landscape, is that 

unfolded protein molecules samples various conformations traveling downhill towards the thermo-

dynamically favorable native state, while the intermolecular contacts may bring these proteins to a 

more thermodynamically stable state, as a form of amyloid fibril. However, the observation on the 

fibril polymorphism proved that amyloid polymorphs might occupy different energy levels on the 

energy landscape (Figure 2.4l). For the case of this heptapeptide93, the amyloid crystals occupy the 

absolute minimum on the energy landscape among all possible amyloid polymorphs, as the most 

thermodynamically stable state of the aggregates in this experiment. Then the nanotube fibrils show 

slightly higher free energy, while twisted fibrils occupy a relatively high level compared to other 

polymorphs. However, for the protein with a larger number of polypeptide, there is a possibility of 

variation on the existence of these amyloid polymorphs and their transition, due to the different mech-

anism in the mechanical strain and intrinsic chirality during fibril formation102. 

2.3 Functional	material	and	nanotechnological	applications	of	amyloids	
Pathological amyloid aggregates have been proved to be associated with a series of protein misfolding 

diseases, including various neurodegenerative disorders. On the other hand, various proteinaceous 

structures are the fundamental building blocks of the functional materials in nature. Inspired by for-

mation of amyloids and functional materials, a number of remarkable self-assembling material sys-

tems have been developed103,104. As functional materials, amyloid shows the outstanding features 

compared with other functional materials, including the biocompatibility, high stiffness, self-assem-

bling behavior, as well as the excellent mechanical and electronic properties. Lately, the amyloid-

based functional materials has been attracting more and more attentions in the various emerging ap-

plications, including the biomedical (drug delivery105–107, artificial tissues108,109 and biomimetic 

bones108), biosensing110 and optoelectronics111–114 fields, as showed in Figure 2.5. 
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Figure 2.5 Functional applications of amyloid fibrils. (A-F) Negatively stained large E. coli–grown array, with inserts of 
higher magnification view with lattice spacing and Fourier transform of the large array (left), and projection map at 15 Å 
calculated from a large array with inserted overlay of the p3Z_42 (A, B), p4Z_9 (C, D), and p6_9H (E, F) design model on the 
projection map. The scale bar is 50 nm. Adapted from Ref. 104. (G) The schematic road map to the diversity in functions of 
the amyloids-based materials. Adapted from Ref. 115. 

An excellent example of programmed biological self-assembly for potential nanomaterial application 

is the 2D protein arrays that mediated by noncovalent protein-protein interface104. Like the DNA 

origami116–118, 2D protein lattices are designed with highly ordered structure that can be applied in 

structure determination and nanomaterial engineering.  

Another example of amyloid-based functional material is the biomimetic material. Being the protein 

assembly, amyloid based material is thus biocompatible while used in various biomedical applica-

tions, e.g. bone-mimetic material. Compared with other biological materials119,120, amyloid fibrils 

show remarkably high stiffness, with the value of Young’s modulus (E) of the range of GPa, which 

could be the most rigid proteinaceous material in nature120, such as dragline silk as a densely packed 

hydrogen-bonded β-strands analogous with the E value of up to 10 Gpa120–122. The bone-mimetic 

material were made from the biomimetic nanocomposites of hydroxyapatite platelets and lysozyme 

amyloid fibrils, that shows well-organized layered hierarchical structures with close physical proper-

ties and inorganic/organic ratio compared to real bone108. 

By adhering to the surface of amyloid fibrils, layered nanocomposites could be used to bridge 2D 

organic/inorganic stacks and nanotechnological applications115. By combining graphene and β-lacto-

globulin fibrils from milk, the graphene-amyloid biodegradable nanocomposites could be prepared. 

Here amyloids act as the enzyme-sensing substrate and graphene layer contributed to the electron 

conductivity and mechanical strength110. Amyloid-carbon hybrid membranes were also developed for 
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universal water purification with the ability of filtering several types of heavy metal ions simultane-

ously123. Impressively, the use of insulin amyloid fibrils was applied in the light-emitting devices by 

mixing with red, yellow and blue emitting dyes to obtain the white-light emitting diodes111,114. Vari-

ous applications, such as the controlling of photophysical properties, in the electronic and photonic 

devices based on insulin fibrils can be found111–114. Moreover, the emerging technique of amyloid 

scaffolds is rapidly used in promoting and controlling cell growth124,125. 

2.4 Characterization	of	Protein	aggregation	in	vitro	
To obtain a full picture of amyloid fibrillization mechanism and aggregation behavior, there are sev-

eral features of protein aggregates to be characterized, including chemical reactions, secondary struc-

tural transition, morphological imaging, mechanical properties and atomic-level structure analysis, 

which could offer. These characterization approaches contain various biochemical and biophysical 

techniques, including Thioflavin T (ThT) fluorescence, circular dichroism (CD) spectroscopy, cryo-

electron microscopy (cryoEM) imaging, AFM, infrared (IR) spectroscopy, nuclear magnetic reso-

nance (NMR) and X-ray scattering. 

Among these techniques, some are the bulk techniques that give an overall description of the protein 

aggregation in the bulk solution. Macroscopic measurements were performed in the bulk solution, 

including ThT fluorescence, CD spectroscopy and IR spectroscopy. By contrast, single molecular 

techniques, such as cryoEM and AFM, shows the morphological and molecular properties of individ-

ual aggregates. With the recent processes on these single-molecular techniques, precise and statistical 

analysis on the protein aggregates reveals much details that benefit related studies. 

2.4.1 ThT	fluorescence	

A very common approach to investigate amyloid formation is to use the dye that specifically stained 

to β-sheet structures and amyloid fibrils. The first dye for amyloid detection was Congo red, which 

however required a laborious staining process, and the dye’s enigmatic “apple green birefringence” 

is difficult to interpret126. Thioflavin T (ThT), is a benzothiazole dye that has been widely used to 

visualize the presence of misfolded amyloid aggregation since the first demonstration in 1959127. So 

far, the usage of ThT dye can be found in various amyloid investigation, ranging from histological 

study, to chemical kinetics, imaging and structural analysis128,129. 
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At molecular level, amyloid fibrils share the cross-β-sheet architecture, showing the laminated β-

sheet with strands orderly organized perpendicular to the fibril axis direction. ThT dye could specif-

ically binds to the β-sheet structure both in vitro and in vivo, due to the presence of the specific ThT-

binding sites on the β-sheet architecture. Meanwhile, the two planer segments on ThT structure mu-

tually rotate to change its chirality, resulting in a dramatic shift of the excitation (from 385 nm to 450 

nm) and emission maximum (from 445 nm to 482 nm)130. Thus, the presence of β-sheet aggregates 

is validated by detecting ThT fluorescence signal, and the amount of amyloid aggregates could be 

measured by monitoring the enhancement of the fluorescence signal, as shown in Figure 2.6a. 

Although ThT dye is widely used, the structural basis of the binding specificity of amyloid-dye inter-

action is not fully understood128. The increasing studies on the ThT-fibril interaction generally re-

vealed the existence of the ThT-binding sites on the cross-β-sheet binding sites, regardless to distinct 

amino acid sequences. One of the popular interpretations, according to the X-ray studies, suggests 

that ThT interacts with β-sheet by docking on surfaces by forming tyrosine cross-strand ladder, rather 

than in the space between adjacent ladders129. Further studies later may show a more comprehensive 

insight onto amyloid structure and the molecular mechanism of ThT binding to amyloid fibril. This 

might provide a deeper understanding on the result of ThT experiments and offer guidance for de-

signing the amyloid diagnostics, inhibitors and therapeutics130. 

 
Figure 2.6 The ThT and CD characterization of protein aggregation. (a) Schematical representation of the typical curve of 
ThT fluorescence assay. The structure of ThT molecule is noted on the top with mutual rotation of two planer ThT segments 
before and after binding to β-sheet structure. (b) Typical CD spectra of helical (red), β-sheet (blue), and random coil (green) 
protein. The low wavelength data in the green shaded area to the left of the vertical black line are generally only accessible 
using the synchrotron radiation circular dichroism (SRCD), whereas the data to the right of the line are accessible by both 
SRCD and conventional CD instruments. Panel b is adapted from Ref. 131 
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2.4.2 CD	spectroscopy	

Circular dichroism (CD) spectroscopy is a well-established biophysical tool for the structural charac-

terization of molecules containing a chiral center or a 3D structure that provides a chiral environment, 

such as proteins and nucleic acids132. This technique measures the differential absorption of left- and 

right-handed circularly polarized light in the bulk solution due to the structural asymmetry. It is es-

pecially widely used for the evaluation of protein secondary structure, from the CD absorption signals 

in the far-ultraviolet (UV) wavelength region (180 nm-240 nm). This derives from the amide chro-

mophores of the peptide bonds, with two types of electron transitions: n→ π* transition at around 222 

nm, and π→ π* transitions at ~208 and 190 nm. Thus, the protein structural information can be ob-

served by recording the differential absorption at distinct wavelength. 

The dichroic fingerprint on the CD absorption spectrum allows the specific diagnose of the protein 

secondary structure with a high precision: 1) The random coil structure, also termed irregular or in-

trinsically disordered structure, shows a large ππ* absorption dip around 198 nm. 2) α-helix structure 

demonstrates a typical absorption spectrum with a positive maximum near 190 nm and dual negative 

maxima at 208 and 222 nm. 3) β-sheet structure generally signatures a positive and negative maxi-

mum near 195 and 218 nm respectively132,133, as seen in Figure 2.6b. 

Besides, CD spectroscopy in the far UV region can also be used to detect the protein-ligand interac-

tions132,134 and to measure the protein folding and unfolding135. Additionally, the information of ter-

tiary structure can be obtained from the environmental dependent CD spectra of protein aromatic 

residues in the near UV region (250 nm-300 nm). 

2.4.3 AFM		

As described in Chapter one, AFM is a powerful tool to investigate the properties of protein aggre-

gates and amyloid fibrils at the single-aggregate level. AFM technique provides 3-D morphological 

maps of the aggregates with a sub-nanometer vertical resolution. This ability allows the morpholog-

ical conformation of the homogeneous or heterogeneous species, such as monomer, oligomer, proto-

filament and mature fibril, in the process of amyloid aggregation. Importantly, the statistical analysis 

on multiple individual protein aggregates could give a full and precise assessment of the characteris-

tics of heterogeneous protein assemblies136.  

Moreover, as the development of AFM instrumentation, various advanced AFM-based technologies 

are available in studying protein aggregates. HS-AFM imaging in liquid environment is lately popular 
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that indicates the dynamics of protein-protein aggregation137 and aggregates-lipid membrane interac-

tion138. Recent progresses on the HS-AFM revealed the structural dynamics of Aβ aggregation, with 

two different growth pathways that produce two distinct polymorphs: straight fibrils and spiral fi-

brils139. Except for the morphological characterization, AFM could be performed to acquire the na-

nomechanical properties by carrying out the nanoindentation measurement140,141. Such type of nano-

mechanical measurements by AFM was carried out for different amyloid fibril systems, yielding a 

Young’s modulus range of 0.2-14 GPa70,120,136, which is close to the GPa range obtained from other 

characterizing approaches, such as X-ray diffraction142 and cryoEM143.  Besides, the internal nano-

mechanical properties of amyloid fibril can also be detected by stretching the fibril and recording 

with the AFM-based force-distance curve144. 

2.4.4 TEM	and	CryoEM	imaging	

Negatively stained electron microscopy (EM) imaging is a common technique to observe the mor-

phology of amyloid fibrils in the literature145,146. TEM investigations showed an unprecedented close 

view of amyloid fibrils morphology in the early stage of studying neurodegenerative diseases147,148. 

On the TEM images, various features of amyloid fibrils can be observed and carefully characterized, 

including the fibril shapes and polymorphism, as well as the morphological features, such as fibril 

width and periodicity149.  

The emergence of cryogenic electron microscopy (cryoEM) greatly improved the investigation on 

the morphology and molecular structure of amyloid fibrils. Compared with other approaches offering 

molecular resolution, such as X-ray crystallography and NMR spectroscopy, the advantage of this 

approach is the ability of determining the unprecedented details of the structure of proteins and mac-

romolecular complexes in the single-particle specimens, without the need of homogeneous specimen 

and the crystallization process150. By applying the samples in the environment of vitreous water at 

the cryogenic temperature, with the recent advances in the detecting method and software algorithms, 

the determination of molecular structures of biological structures at near-atomic resolution (< 4Å) 

has been becoming reality150. 

Another key element of the popularity of single particle cryo-EM in amyloid structure analysis, is its 

power in dealing with heterogeneous assemblies. Amyloid fibrils typically show polymorphic mor-

phologies that is variable with the protofilament packing structures, such as twisted, helical and rod-

like fibrils. Such phenomena limit the resolution of the approaches averaging the fibril structures. 

However, single particle cryo-EM can be used to computationally extract short segments of the fibrils 

and to classify them into structurally homogeneous subsets151,152. Recent years, this approach has 



Chapter 2. Protein aggregation and related human diseases 

 36 

succeeded in yielding a series of molecular structures of short peptides, such as protein transthyretin 

(TTR 105-115)74 and Ig light chains (AL peptide)153, as well as the fibrils of physiologically relevant 

amyloid proteins including prions154, a-synuclein78,87,88, Aβ4289 and tau90. 

More recently, the molecular structures revealed by cryoEM show its own unique amyloid fibril 

structural signature, with at an atomic resolution74,78,90,153. With these evidences, we could understand 

the hypothesized links between protein aggregates and clinical phenotype, that possibly benefits the 

development of the targeted approaches for structure-based drug design and the biomarkers for early 

diagnose of diseases152. 

2.4.5 Infrared	(IR)	spectroscopy	

Infrared spectroscopy is a spectroscopic method that involves infrared radiation to measure the mo-

lecular vibration of the studied samples, for identifying and analyzing the molecular structure of the 

organic and inorganic compounds. It covers a range of distinct techniques, mostly based on absorption 

spectroscopy. According to the characteristic peaks on the absorption spectrum, one could obtain the 

chemical characterization of the species, including gas, liquid or solid. The Fourier-transform Infrared 

(FTIR) spectrometer is one of the most commonly used laboratory techniques, due to the advantages 

of the high signal-to-noise ratio, fast measurement and high sensitivity. The region for IR spectrum 

is consisted of near-, mid- and far-infrared, ranging from 0.7-1000 µm, where majority of the litera-

ture were focused on the mid-infrared region, 4000-400 cm-1 (2.5-25 µm), due to the fundamental 

association between the vibration and molecular structure. In FTIR, the IR absorption occurs while a 

photon in the infrared region transfers to a molecule and excites to a higher energy state, resulting in 

the vibrations of molecular bonds, such as stretching, bending, twisting, rocking and wagging. The 

fingerprint of IR absorbance peaks is determined by the intrinsic physicochemical properties of the 

corresponding molecule bonds and functional groups. 

One disadvantage of FTIR technology is the spatial resolution, which shows only several micrometers 

for the conventional IR measurement. Remarkably, the recent advances in the AFM-IR, which is the 

combination of AFM and IR spectroscopy, is attracting more and more attention due to the great 

enhancement of spatial resolution to up to tens nanometers, due to the advantages of AFM cantile-

ver37,155. Currently, AFM-IR had been proved to be capable of revealing remarkable structural details 

on the surface of heterogeneous components, and thus is widely used in various fields, including 

polymers156–158, materials36,159,160 and biological science40,161–163. 



Chapter 2. Protein aggregation and related human diseases 

 

37 

2.4.6 Solid	state	NMR	and	X-ray	diffraction	

Revealing atomic-level structures for cross-β spines is important for understanding the fibrillar nature 

of amyloid, which were intensively studied by X-ray diffraction. The X-ray diffraction pattern of 

cross-β structure consists of an X-ray reflection at ~4.8 Å resolution along the fibril direction and 

another X-ray reflection at ~6-12 Å resolution perpendicular to the fibril direction61,80.This indicates 

the spaces between the β-strands and the spaces between the tightly interacted β-sheets, respectively, 

as the common motif of cross-β structure. Moreover, X-ray diffraction studies also revealed the dual-

sheet motif, termed steric zipper, with two adhered β-sheets by the interdigitation of the side chains 

of the mating strands61,79–83. Such a self-complementary structure is caused by several factors: the 

polar hydrogen bonds, van der Waals forces that form interacting pairs of β-sheet, and the entropy of 

the water molecules released from the inner faces of mating β-sheets61. 

As another primary tool for structural biology, the advent of solid-state nuclear magnetic resonance 

(NMR) enables the revealing of the protein fibril structures at atomic resolution, with the prerequisite 

of large objects with local order164. Molecular structure determination with this spectroscopic method 

is based on combining short-distance information and structures result from triangulation using a 

large array of distance from the 2D correlation spectra77,164,165. So far, the 3D structures of various 

amyloid fibrils, including Aβ, α-synuclein and HET-s prion, had been solved by using solid state 

NMR61. These latest advances in the solid state NMR could be capable of contributing to solve the 

3D structure of the polymorphic amyloid fibrils61,164,166 .
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This chapter is based on a published work in the journal Biochemica et Biophysica Acta (BBA) – 

Bioenergetics, with the following information: 
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role of the xanthophyll cycle pigments in the regulation of supramolecular organization of the 
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Abstract. The xanthophyll cycle is a regulatory mechanism operating in the photosynthetic apparatus 

of plants. It consists in the conversion of the xanthophyll pigment violaxanthin to zeaxanthin, and 

vice versa, in response to light intensity. According to the current understanding, one of the modes of 

regulatory activity of the xanthophyll cycle may be associated with the influence of violaxanthin and 

zeaxanthin on a molecular organization of pigment-protein antenna complexes in the photosynthetic 

membranes, and indirectly on photoprotective quenching of excitation energy excess. In the present 

work, we analyzed the effect of violaxanthin and zeaxanthin on the molecular organization of light-

harvesting complex II (LHCII), the largest photosynthetic antenna pigment-protein complex of 

plants, in the environment of membranes formed with chloroplast lipids. Nanoscale imaging based 

on atomic force microscopy (AFM) showed that the presence of exogenous xanthophylls promotes 

the formation of the protein supramolecular structures substantially different from those formed in 

the absence of xanthophylls. Nanoscale infrared (IR) absorption spectral analysis, performed with the 

application of AFM-IR nanospectroscopy, on such LHCII architectures suggests that zeaxanthin links 

LHCII antenna to supramolecular structures and maintains the stability by forming inter-molecular 

β-structures. Meanwhile, the molecules of violaxanthin act as “molecular spacers” preventing self-

aggregation of the protein, potentially leading to uncontrolled dissipation of excitation energy of 

LHCII-bound chlorophylls. This latter mechanism was demonstrated with the application of fluores-

cence lifetime imaging microscopy (FLIM). The intensity-averaged chlorophyll a fluorescence life-

time determined in the LHCII samples without exogenous xanthophylls at the level of 0.72 ns was 
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substantially higher in the samples containing exogenous violaxanthin (2.14 ns). On the other hand, 

in the case of the structures formed under the presence of zeaxanthin the average lifetime was even 

lower (0.49 ns) thus suggesting a role of this xanthophyll in promotion of the formation of the supra-

molecular structures characterized by effective chlorophyll excitation quenching. This mechanism 

can be considered as a representation of the overall photoprotective activity of the xanthophyll cycle. 

3.1 Introduction	
Life on the Earth is fueled by sunlight and photosynthesis is practically the sole mechanism that 

enables conversion of the energy of electromagnetic radiation to the forms that can be directly used 

to drive biochemical reactions in living cells. The fact that photosynthesis should function effectively 

in an environment characterized by extreme changes in light intensity, e.g. owing to the day-night 

cycle, has become a source of evolutionary challenge towards the creation of regulatory strategies 

adjusting the density of excitations in the photosynthetic apparatus to the current possibilities of 

photochemical reactions167.  

One of the mechanisms operating in higher plants and green alga, which is believed to belong to such 

a class of regulatory processes, is the xanthophyll cycle168. The xanthophyll cycle comprises the light-

intensity-controlled enzymatic reactions leading to de-epoxidation of violaxanthin to zeaxanthin and 

the reactions in the opposite direction168. Importantly, violaxanthin is accumulated in the 

photosynthetic apparatus exposed to low light intensity while accumulation of zeaxanthin is 

characteristic to plants which experience high-light-induced overexcitation168. Such an observation 

implies that the xanthophyll cycle can be an element of the overall response of the photosynthetic 

apparatus to variable light intensity, in particular to strong light, as illustrated in Figure 3.1. It has to 

be stressed that such a regulatory activity is vital to plants as an element of the photoprotective defense 

strategy against oxidative photo-damage. This is due to the three major reasons: (i) the 

photosynthesizing organisms are evolutionary-adopted to absorb effectively light quanta, (ii) 

chlorophyll is an extremely efficient photosensitizer able to generate the singlet oxygen, and finally 

(iii) due to the fact that molecular oxygen is just generated in the photosynthetic apparatus of plants, 

via water splitting. The fact that the mutant plants lacking the violaxanthin de-epoxidase enzyme are 

substantially less resistant to high light provides a strong support for such an argumentation169. 



Chapter 3. Regulation of supramolecular architecture of LHCII on lipid membrane 

 42 

 

Figure 3.1 Schematic of the xanthophyll cycle under both low and strong light intensity. The xanthophyll cycle comprises 
the light-intensity-controlled enzymatic reactions leading to de-epoxidation of violaxanthin to zeaxanthin and the reactions 
in the opposite direction168. The effect of violaxanthin and zeaxanthin will then modulate the molecular organization of 
LHCII in the environment of membranes formed with chloroplast lipids. 

There are several concepts regarding molecular mechanisms via which the xanthophyll cycle 

pigments are involved in the photoprotective activity. One of the popular mechanisms implies a direct 

chlorophyll excitation quenching via zeaxanthin, realized by the singlet-singlet excitation energy 

transfer between the Qy and the S1 (1A1g) states170. Another mechanism involves excessive 

chlorophyll excitation quenching by the low-energy traps of the zeaxanthin cation radicals171. An 

alternative concept is based on possible structural modification of the pigment-protein complexes by 

xanthophylls or xanthophyll-controlled reorganization of the antenna protein network172–176. 

In the present work, we explore the latter mechanism via addressing the problem of possible effect of 

the xanthophyll cycle pigments on molecular organization of the largest photosynthetic antenna 

complex in plants LHCII, in the environment of the bilayer formed with the chloroplast lipids. In 

addition to the fluorescence lifetime imaging microscopy, we applied high-resolution AFM phase 

imaging, as well as a novel hybrid technique combining AFM and infrared (AFM-IR) nanospectros-

copy13,155, in order to get insight into molecular mechanisms involved in this regulation. These AFM 

technologies are nowadays wildly used in studying and manipulating the biological species177, pro-

tein-lipid membrane and other intermolecular interactions at the nanoscale178–180. Our results reveal 

that the xanthophyll cycle pigments, both violaxanthin and zeaxanthin, promote the formation of the 

protein supramolecular structures, yet show significant difference in the molecular organization of 

LHCII complexes and their photophysical properties in the environment of lipid membranes. Violax-

anthin prevents the self-aggregation of the protein, potentially leading to uncontrolled dissipation of 

excitation energy of LHCII-bound chlorophylls. However, zeaxanthin promotes the formation of the 
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aggregated LHCII supramolecular structures characterized by effective chlorophyll excitation 

quenching. By controlling the supramolecular organization of LHCII, the particular regulatory activ-

ity of xanthophyll cycle is formed in the photosynthetic apparatus of the plants. 

3.2 Experimental	methods	

Sample preparation 
Monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) were purchased from Larodan. n-

Dodecyl-β-D-maltoside (DM), Tricine and KCl were obtained from Sigma-Aldrich. Crystalline all-trans zeaxanthin 

was purchased from Extrasynthese. Light harvesting pigment-protein complex LHCII was isolated from fresh spin-

ach (Spinacia oleracea L.) leaves, as described previously.181 All-trans violaxanthin was isolated from Narcissus 

jonquilla L. flowers and purified using the HPLC technique. Xanthophyll purification was carried out using C-18 

coated, phase-reserved column (YMC GmbH, Germany, length 250 mm, internal diameter 4.6 mm). A mixture of 

acetonitrile/methanol/water (72:8:3, v/v/v) was used as mobile phase and elution rate was 0.8 ml/min. All xantho-

phylls were repurified chromatographically directly before sample preparation. 

LHCII-lipid membranes were prepared according to the procedure elaborated and tested previously182. MGDG and 

DGDG were dissolved in chloroform (molar ratio of MGDG to DGDG was 2:1). The LHCII complexes were sus-

pended in 20 mM Tricine and 10 mM KCl buffer, pH 7.6, containing 0.03% DM. The mixture of lipids was trans-

ferred to glass test tubes and placed in a vacuum (<10−5 bar) for 30 min. Xanthophyll pigments were dissolved in 

ethanol and added to the lipid mixture at the beginning of evaporation. The molar ratio of zeaxanthin or violaxanthin 

to LHCII monomers was 1:1. LHCII complexes were transferred to lipid film and incorporated into lipid membranes 

through mild sonication in an ultrasonic bath for 30 min. The molar ratio of LHCII complexes to lipids was 1:100. 

In order to remove detergent molecules, the sample was incubated with Bio-beads adsorbent (from BioRad) at 4°C 

for 12 h. Multibilayers of LHCII and lipid were separated from the sample by centrifugation at 15 000g for 5 min. 

Next, the pellet was resuspended in 20 mM Tricine and 10 mM KCl buffer. 

AFM measurements 
An aliquot (20µl) of lipoprotein suspension with/without exogenous xanthophyll pigments was deposited on freshly 

cleaved mica surface at the room temperature and was dried in the vacuum desiccator overnight to enable lipid 

membranes stacking and forming multilayers containing chloroplast lipid and LHCII complex on the substrate. 

AFM scanning was operated with Park NX10 (Park Systems, South Korea) in the tapping mode. The cantilevers 

PPP-NCHR (Park Systems, South Korea) with a nominal spring constant of 42 N/m and a typical tip radius of 7 nm 

were used. The AFM images were scanned with a resolution of 512×512 or 1024×1024 pixels at a rate of 1 Hz. In 

order to avoid the defects and imperfections, a regime of weak tip-sample interaction was employed during the 

scanning by monitoring the tip dithering phase shift within a variation of 5 degrees in the negative region. AFM 

phase images were untreated, and height images were simply flattened using XEI software (Park Systems) in the 

first order to minimize potential flatten-induced defects on the images. 
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Figure 3.2 Schematic of AFM experiment of LHCII on the lipid bilayers. (a) The principle of the tapping mode imaging. The 
AFM cantilever is excited to oscillate with a constant amplitude being driven by a piezo to which a sinusoidal signal at 
around 330 kHz is applied. The scanning with a small interaction force is performed on the lipid bilayer (blue) and embedded 
LHCII protein (orange) from left to right. The scanned height profile (dashed green line) of the lipid-protein bilayer is barely 
distinguishable between lipid and protein regions. (b) The phase shift between the driving signal (black) and the AFM-rec-
orded signal on the stiff sample (orange) and on the soft sample (blue). This phase shift changes depending on the sample 
stiffness and viscous properties. (c) The comparison of the scanned profile on height (up) and phase-contrast (bottom) im-
ages. It shows much better distinguishable difference between lipid and LHCII protein on the phase-contrast image. 

AFM-IR spectroscopy 
An aliquot (20µl) suspension of lipoprotein, lipoprotein with violaxanthin and lipoprotein with zeaxanthin, was 

deposited on the hydrophobic ZnSe single crystal prism at the room temperature. After that, the samples were dried 

in the vacuum desiccator overnight, and thus the antenna-contained lipid membranes were stacked forming lipopro-

tein multilayers on ZnSe surface. The islands of the lipoprotein multilayer samples were selected and measured by 

NanoIR system (Anasys Instruments Inc., USA) that combines AFM and infrared spectroscopy measurements. The 

AFM scanning was performed in the contact mode with a soft cantilever EX-C450 (Anasys) having a spring constant 

of ~0.2 N/m. The AFM height and IR absorption images were recorded in 5×5 µm area with a resolution of 512×512 

pixels and 8 co-averages at the rate of 0.2 Hz. Each spectrum was collected at a selected position on the AFM image 

of the sample with the spectral resolution of 1 cm-1 and 128 co-averages within the range of 1200-1800 cm-1 to 

ensure its reliability. The finial spectra were averaged from more than five recorded spectra and no smoothing 
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process was applied to spectra in order to avoid the potential artifacts. Further processing was realized using Anal-

ysis Studio and Origin software. 

FLIM measurements 
FLIM measurements were performed using a confocal MicroTime 200 (PicoQuant, Germany) system coupled to 

an inverted microscope OLYMPUS IX71. The samples were excited by a picosecond, 470 nm pulse laser with a 

repetition rate of 20 MHz. The lifetime resolution was better than 16 ps. Photons were collected with a 60x water 

immersed objective (NA 1.2, OLYMPUS UPlanSApo). The single focal plane was selected with a pinhole diameter 

of 50 µm. The scattered light was removed using dichroic ZT473RDC XT (Analysentechnik), 470 notch filter 

(Chroma Technology) and observation were made through the addition of 630 long pass filter (Semrock). Results 

of measurements were analyzed using SymPhoTime 64 software. 

3.3 Results	and	discussion	

AFM characterization of the architecture of lipid bilayers and LHCII proteins 

AFM height imaging is the most widely used AFM technique in many applications as it provides 

morphological image with a high spatial resolution. However, for the samples with slight topological 

difference, such as the LHCII embedded in the lipid bilayer (Figure 3.2a), distinguishing their features 

on the height images becomes challenging. Meanwhile, AFM phase-contrast imaging, which is sen-

sitive to the sample stiffness and adhesion, are also known to give valuable information in analyzing 

samples, such as polymers, composites and surface coatings, especially those with similar topogra-

phy183–188. This is due to the circumstance that, for the oscillating AFM cantilever excited by the 

driving piezo (Figure 3.2a) in the tapping mode, different visco-elastic properties of samples result in 

different tip-sample interactions, shifting accordingly the phase of the cantilever oscillation with re-

spect to the exciting signal (Figure 3.2b). This phase variation can be recorded as the phase-contrast 

image, that provides more distinguishable contrast between species, especially for those with slightly 

different topology, than the height image (Figure 3.2c), for analyzing species with different rigidities 

and mechanical properties187. Nowadays the phase-contrast imaging becomes an important approach 

for compositional characterization188 and high-resolution imaging in the biological field185. 

The surface morphology and phase-contrast AFM images of lipoprotein multilayers in the absence 

and presence of xanthophylls in our experiments are shown in Figure 3.3 and Figures 3.4-3.5 respec-

tively. although the embedded LHCII have only minimal topological differences with lipid bilayers, 

the visco-elastic differences between lipid and LHCII protein result in sufficient phase variations 

enabling to identify them (Figure 3.3b-c). Moreover, our experiments demonstrate that the architec-

ture of such structures is dependent on the presence of xanthophylls, either violaxanthin or zeaxanthin.  
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Figure 3.3 AFM measurement on LHCII protein. AFM height (a) and phase-contrast (b) images of the lipid bilayer and LHCII 
proteins. (c-d) The zoomed images of the particular regions in the phase-contrast image are presented, indicating the evi-
dence of the existence of trimeric LHCII protein indicated by green arrows. From these images, it is indicated that the size of 
individual LHCII structure is approximately 10-20 nm. 

Figure 3.3 presents the LHCII-lipid samples formed in the absence of exogenous xanthophylls. Indi-

vidual light-harvesting antennas were seen in the phase image (Figure 3.3b). Two specific areas on 

this image are highlighted in Figures. 3.3c-d, where individual antennas are indicated. It can be seen 

that the size of the LHCII antenna (Figure 3.3c) is of the same order as LHCII trimers reported in the 

literature189,190. 

AFM height and phase images of the LHCII-lipid multilayers in the presence of violaxanthin are 

shown in Figure 3.4a-b. Instead of individual proteins, a large number of LHCII supramolecular 

structures were observed on the phase-contrast image, as indicated by the green arrows in Figure 3.4b. 

According to the detailed images of these assembled LHCII antennas in Figure 3.4c-d, where the 

macromolecular organization can be easily seen, these supramolecular structures are believed to be 

the assemblies of individual LHCII trimers. These LHCII supramolecular structures exhibit hetero-

geneous shapes, showing a normal dimension in the order of tens of nanometers, and the individual 

LHCII trimeric structures exhibit a diameter of around 10 nm, in the agreement with that presented 

in Figure 3.4c. The ability of formation of 2D supramolecular structures of LHCII on a solid support 

(25-150 nm width), also in the environment of lipids, was recently demonstrated with application of 

AFM technique191.  
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Figure 3.4 AFM measurement on LHCII protein in the presence of the violaxanthin.  AFM height (a) and phase-contrast (b) 
images of the lipid bilayer and LHCII in presence of the violaxanthin. Green arrows indicate the location of the LHCII supra-
molecular structures. The zoomed images (c-d) reveal that the size of these LHCII supramolecular structures is of the order 
of tens of nanometers, and the size of individual LHCII trimeric subcomponent is around 10 nm. The macromolecular organ-
ization of LHCII supramolecular structures can be seen on these phase images. 

 

Figure 3.5 AFM measurement on LHCII protein in the presence of the zeaxanthin. AFM height (a) and phase-contrast (b) 
images of lipid bilayer and LHCII protein in presence of the zeaxanthin. Green arrows indicate the location of LHCII super-
complexes. The zoomed phase images (c-d) from the regions identified in the phase-contrast AFM image reveal that oligo-
meric LHCII supramolecular structures have the sizes ranging from tens to up to one hundred nanometers. 
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The AFM morphology and phase images of the lipoprotein multilayers formed in the presence of 

zeaxanthin are exhibited in Figure 3.5a-b while the close shots of particular LHCII supramolecular 

structures are showed in Figure 3.5c-d. From these images, plenty of supramolecular structures of the 

light-harvesting antenna are observed on the phase-contrast images (Figure 3.5b). These heterogene-

ous LHCII assemblies on the chloroplast lipid membranes exhibit the sizes ranging from a few tens 

to a few hundreds of nanometers (Figure 3.5b), while the diameter of the single LHCII trimer agrees 

with the previous observations.      

 
Figure 3.6 The morphological comparison of LHCII in the presence/absence of the xanthophylls. (a)The comparison of the 
AFM height and phase images among the LHCII, LHCII and violaxanthin, and LHCII and zeaxanthin conditions. The size of 
the LHCII supramolecular structure are noted. The individual LHCII proteins are seen in the case of LHC II independently, 
while intermediate size of LHCII supramolecular structure is observed in the case with the presence of violaxanthin and 
larger supramolecular structure can be seen in the case with zeaxanthin. (b-c) The statistical analysis on the sum area and 
aggregates size of the supramolecular structures.  
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Comparison of the images presented in Figures 3.3-3.5 clearly reveals that exogenous xanthophylls 

influence the molecular organization of LHCII protein in the bilayer membranes. In general, it can be 

concluded that both violaxanthin and zeaxanthin promote the formation of certain supramolecular 

LHCII structures observed in largely homogenous protein-lipid phase. The statistical analysis (Figure 

3.6) shows that the size of the LHC supramolecular assemblies obtained in the presence of zeaxanthin 

is generally larger than that yielded in the case of violaxanthin.  

AFM-IR nanospectroscopic characterization of LHC proteins 

Although our high-resolution AFM measurements show that xanthophylls are capable of assembling 

LHCII antenna into supramolecular structures, their formation mechanism and possible structural 

modification of LHCII proteins by xanthophylls are still unknown. Similarly, it remains difficult to 

identify specific molecular differences of the LHCII supramolecular structures formed in the presence 

of violaxanthin and zeaxanthin. To study these aspects, we performed the AFM-IR nanospectroscopic 

measurements13. As shown in the schematic (Figure 3.7a), a tunable pulsed infrared laser illuminates 

the sample and excites certain molecular vibrations by absorbing radiation at particular wavelengths. 

The absorbed radiation energy rapidly results in the localized thermal expansion of the sample which 

can be detected by measuring the dithering of AFM cantilever11. Additional details can be found in 

our previous reports40,163,192 and in the Method section.  

In the AFM-IR measurement, either IR absorption map in nanoscale or the absorption spectrum at a 

specific location can be obtained. The IR absorption fingerprints can be used to identify the molecular 

structures by applying the multi-compositional analysis. For the lipids formed bilayer membranes, 

typical molecular vibrational transitions are the ester carbonyl group stretching, with the absorption 

bands in the 1750-1700 cm-1 region. For proteins and polypeptides, there are three typical absorption 

bands (amide I, II and III) but the most informative band for an analysis of the secondary structure 

and molecular organization of proteins is the amide I, ranging from 1700 to 1600 cm-1. This amide I 

band combines the C=O stretching, N-H bending and C-N stretching vibration modes, and the com-

bination of them can be used to characterize several basic secondary structures such as α-helical 

structure (1645-1665 cm-1) and inter/intra-molecular β-structure (1695-1680 and 1635-1615 cm-1)193.  

On the IR absorption map (Figure 3.7b), the yellow and red regions represent the accumulation of 

LHCII proteins. We can see a homogenous distribution of individual LHCII proteins on the lipid 

membrane in the absence of xanthophylls. However, these LHCII complexes form supramolecular 

structures which are distributed heterogeneously within the lipid multibilayers in the presence of xan-
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thophylls. This suggests again that the xanthophylls are capable of assembling individual LHCII pro-

teins. A stronger absorption was observed on the IR absorption map in the presence of zeaxanthin 

than that in the case of violaxanthin, indicating that zeaxanthin possesses the stronger ability to as-

semble LHCII proteins than violaxanthin, which agrees the result on the AFM phase-contrast images.  

 
Figure 3.7 AFM-IR characterization of the lipoprotein multibilayers in the presence/absence of the xanthophylls. (a) Sche-
matics of the AFM-IR nanospectroscopy. The incident IR radiation is absorbed by the investigated sample at certain wave-
number, inducing the molecular vibrations and photothermal expansion. This local thermal expansion can be detected by 
the AFM, providing either an IR absorption map or the absorption spectrum at a specific location. (b) The surface morphol-
ogy images and IR absorption (1645 cm-1) maps of lipoprotein multilayer, consisting of chloroplast lipids and the antenna 
complex LHCII, in the absence of xanthophylls (left) as well as in the presence of violaxanthin (middle) or zeaxanthin (right). 
(c) The infrared absorption spectra of the lipoprotein multibilayers in the absence of xanthophylls (top), as well as in the 
presence of violaxanthin (middle) or zeaxanthin (bottom). The spectra ranging 1200-1800 cm-1 were recorded at the loca-
tions noted by the cross on the IR absorption maps. The blue area indicates the region of lipid absorption band, while the 
grey areas indicate the regions of protein amide bands on the IR absorption spectrum. (d) The normalized IR absorption 
spectra in the protein amide I region (1600-1700 cm-1), and in the lipid component region (1700-1800 cm-1). The spectra 
correspond to the lipid-LHCII multibilayers in the absence of xanthophylls (black) and in the presence of violaxanthin (blue) 
or zeaxanthin (red), showing the conformational differences of LHC supramolecular and lipid structure. The final spectra 
were averaged from several spectra (grey) and each spectrum was recorded with 128 co-average to ensure its reliability. 
No smoothing process was applied to minimize the potential artifacts. The magenta dashed frames indicate the bands of β-
structural absorption, and green dashed frame refers to the helical absorption region. 
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The IR absorption spectra of lipoprotein multilayers (Figure 3.7c-d) in both cases, visible in the ab-

sence and in the presence of xanthophylls, show two main absorption fingerprint peaks at 1642 and 

1722 cm-1. These peaks attest the existence of α-helix-rich domains of LHCII protein and lipid com-

ponent respectively. This evidence suggests that the xanthophylls assemble LHCII proteins into su-

pramolecular structures, without substantially affecting the secondary structure of lipoprotein em-

beded in the multilayer.  

Figure 3.7d attests that the absorption spectra of lipoprotein multibilayers without xanthophylls (black) 

and with violaxanthin (blue) are generally overlapped in the range 1650-1610 cm-1. We also found 

the appearance of a small but noticeable absorption peak at 1629 cm-1 in the spectra of lipoprotein 

multibilayers with zeaxanthin (red). This indicates that zeaxanthin, formed under strong light condi-

tions, links LHCII antenna and maintains the stability of their supramolecular structures by forming 

inter-molecular β-structures. Such structures can be involved in the formation of quenching centers 

in the case of excessive excitation, and protect the photosynthetic apparatus against photo-

damage.These aggregated structures are not present in the case of violaxanthin (1629 cm-1), which 

although slightly promotes helical conformation (1662 cm-1), suggesting that violaxanthin is capable 

of linking LHCII trimers into supramolecular structures and maintaining their native conformational 

structure of LHCII complex in the supramolecular organization. Thus we believe that violaxanthin 

packs the LHCII trimers in order to prevent the formation of aggregated structures that potentially 

may lead to uncontrolled excitation quenching. This may be considered as one of the reasons why 

violaxanthin is accumulated in the photosynthetic apparatus under low light conditions.  

Comparing the spectrum of lipoprotein multibilayers in the presence of zeaxanthin (red) with other 

spectra, we also see a decrease of absorption at 1722 cm-1. This is due to the circumstance that for 

this case there are more proteins over lipids on the lipoprotein multilayer in the region of supramo-

lecular structures probed under AFM tip. 

Another important observation is the presence of relatively intensive subband, centered at 1609 cm-1 

in the amide I spectral band, exclusively in the samples formed by lipids and LHCII, without exoge-

nous xanthophylls. Since this particular sub-band can be assigned to the well-ordered molecular ag-

gregated forms of protein, we can conclude that both violaxanthin and zeaxanthin prevent the for-

mation of such structures. Such an effect can be referred to as a “molecular spacer” activity of the 

xanthophyll cycle pigments protecting against the formation of nonspecific aggregates of LHCII 

within the membrane, potentially leading to uncontrolled excitation quenching. 
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FLIM characterization of LHCII embedded in lipid membranes 

In order to address the question regarding the possible effect of the xanthophyll-determined molecular 

organization of LHCII in the lipid membrane environment on photophysical properties of the protein 

bound chlorophylls, we additionally applied imaging technique based on fluorescence lifetime meas-

urements.  

 
Figure 3.8 FLIM analysis of the LHCII-lipid membrane fragments. Samples were formed in the absence of exogenous xan-
thophylls (marked as LHCII) and in the presence of exogenous zeaxanthin (LHCII+Zea) or exogenous violaxanthin (LHCII+Vio). 
Colour codes in images represent FLIM analysis of fluorescence lifetimes. The histograms in the right-hand panel represent 
the results of the quantitative analysis of fluorescence lifetime components and their amplitudes applied to the images 
present in the left-hand panel.  

FLIM images of the LHCII-lipid membrane fragments (Figure 3.8) show a profound effect of exog-

enous xanthophylls on fluorescence lifetime of chlorophyll a being a constituent of LHCII. Relatively 

short intensity-averaged fluorescence lifetime (0.72 ns, expressed by green color code) can be ob-

served in the sample formed without exogenous xanthophylls. Very similar lifetimes, in the 0.6-0.9 

 



Chapter 3.  Regulation of supramolecular architecture of LHCII on lipid membrane 

 

53 

ns range, have been reported for LHCII complexes self-assembled into the 2D-structures in the lipid 

environment.27 Such a result is consistent with the formation of aggregated structures of LHCII, con-

cluded on the basis of the IR nanospectroscopy of the same samples. Interestingly, the supramolecular 

structures formed in the presence of zeaxanthin are characterized by even lower fluorescence lifetimes 

and therefore excitation quenching rates (0.49 ns, expressed by blue color code). Importantly, the 

supramolecular structures formed in the presence of violaxanthin are characterized by relatively long 

fluorescence lifetimes (2.14 ns, expressed by red color code). Such a pronounced difference between 

the effect of violaxanthin and zeaxanthin implies a role of the xanthophyll cycle pigments in shifting 

the excitation energy dissipation yield towards higher values, under strong light conditions, and to-

wards lower values under low light conditions. The activity of violaxanthin can be interpreted in 

terms of a “molecular spacer” inhibiting the formation of aggregated structures of LHCII leading to 

excitation quenching. The picture seems to be more complicated in the case of zeaxanthin. On the 

one hand, zeaxanthin inhibits self-assembly of LHCII that can be observed in the lipid phase without 

exogenous carotenoids but, on the other hand, it stabilizes supramolecular structures of LHCII char-

acterized by exceptionally efficient thermal excitation energy dissipation. The question whether such 

excitation quenching is based upon direct chlorophyll excitation quenching by zeaxanthin (including 

zeaxanthin cation radical) or is a consequence of the specific molecular organization of the antenna 

complexes remains open and is to be addressed in future studies. Independently of a current mecha-

nism, the results presented in this work show that the first step of control of regulatory excitation 

quenching in LHCII, based on zeaxanthin, relays on stabilization of the specific supramolecular struc-

tures. This conclusion harmonizes with the findings that in the mechanism of the zeaxanthin-depend-

ent excitation quenching zeaxanthin is acting in between the complexes, helping to create quenching 

sites176. 

3.4 Conclusion	
The results of the combined analysis based on nanoscale AFM imaging, IR nanospectroscopy and 

fluorescence lifetime imaging microscopy lead to the conclusion that the xanthophyll cycle pigments 

significantly influence the molecular organization of LHCII in the environment of lipid membranes. 

Violaxanthin and zeaxanthin promote the formation of the protein supramolecular structures present-

ing substantially different photophysical properties. Violaxanthin assembles the LHCII proteins while 

preserving their native conformation in the supramolecular organizations, but zeaxanthin promotes 

the formation of larger LHCII supramolecular structures with forming aggregated structures in the 

meantime. The LHCII structures formed in the presence of zeaxanthin are characterized by relatively 

short fluorescence lifetimes of the protein-bound chlorophyll a, indicative of effective excitation 
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quenching. The opposite effect on excitation quenching can be observed in the LHCII structures 

formed in the presence of violaxanthin. The results point to a regulatory activity of the xanthophyll 

cycle, aimed at the adjustment of excitation density in the antenna systems to the capacity of photo-

synthetic energy conversion. According to the results of the present work, this particular regulatory 

activity is realized via control of the supramolecular organization of LHCII. 



 

55 

 Gap-plasmon	enhanced	Photo-
Thermal	Induced	Resonance	(PTIR)		
 

 

 

  

  



Chapter 4. Gap-plasmon enhanced PTIR 

 56 

This chapter is based on a published work in the journal Nano Letters, with the following information: 

Jiangtao Zhou, Anton Smirnov, Giovani Dietler* and Sergey Sekatskii*. Gap-Plasmon-Enhanced 

High-Spatial-Resolution Imaging by Photothermal-Induced Resonance in the Visible Range. 

Nano Lett. 19(11), 8278-8286, 2019. 

Affiliations: 

Laboratory of Physics of Living Matter, Ecole Polytechnique Fédérale de Lausanne (EPFL), 

 CH-1015 Lausanne, Switzerland  

 

Abstract: Chemical characterization at the nanoscale is of significant importance for many applica-

tions in physics, analytical chemistry, material science, and biology. Despite the intensive studies in 

the infrared range, high-spatial-resolution and high-sensitivity imaging for compositional identifica-

tion in the visible range is rarely exploited. In this work, we present a gap-plasmon-enhanced imaging 

approach based on photothermal-induced resonance (PTIR) for nanoscale chemical identification. 

With this approach, we experimentally obtained a high spatial resolution of ∼5 nm for rhodamine 

nanohill characterization and achieved mono-layer sensitivity for mapping the single-layer chloro-

phyll-a islands with the thickness of only 1.9 nm. We also successfully characterized amyloid fibrils 

stained with methylene blue dye, indicating that this methodology can be also utilized for identifica-

tion of the radiation-insensitive macromolecules. We believe that our proposed high-performance 

visible PTIR system can be used to broaden the applications of nanoscale chemical identification 

ranging from nanomaterial to life science areas. 

4.1 Introduction	
Nanoscale chemical identification and imaging play a key role in quite various applications spanning 

the areas of physics, analytical chemistry, material and biological sciences13,52,194. Localized detection 

of light-matter interaction is one of the most efficient non-destructive and label-free approaches to 

achieve this, and different related techniques have been developed in this direction, such as scattering 

near-field scanning optical microscopy (s-NSOM)195, tip-enhanced Raman spectroscopy (TERS)196, 

infrared-mass combined spectrometry197 and X-ray microscopy198.  Among them, the recently devel-

oped Photothermal Induced Resonance (PTIR), which utilizes Atomic Force Microscopy (AFM) to 

detect the radiation-induced photothermal expansion of investigated sample under the AFM tip, is 
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currently attracting more and more interest due to its advantages in signal-to-noise ratio (SNR) and 

spatial resolution13,40,155,161,199,200. 

In infrared range, the electromagnetic radiation excites particular vibrational modes of molecules, 

enabling to establish absorption fingerprints to characterize the molecular compositions13,201 and thus, 

infrared PTIR is becoming more and more popular in the field of material science and biology13,155. 

In visible range, ultraviolet-visible (UV-vis) spectroscopy is also widely exploited in material sci-

ence202 and biology, e.g. enzyme kinetics133,203, DNA and protein activities204. However, visible 

PTIR-based nanoscale imaging is rarely studied205. Visible PTIR has wide potential applications in 

nanoscale materials characterization, such as e.g.  perovskite solar cell206–208 and nanoparticles205, and 

studies of  macromolecules in the biological systems, e.g. photosynthesis and subcellular analy-

sis200,205. Of course, there are many challenges here to be overcome. For example, the spatial resolu-

tion of existing visible and infrared PTIRs typically is of only 10-40 nm199,200,205, and high-sensitivity 

visible-PTIR measurements have not been fully exploited. 

In this work, we present a gap plasmon-enhanced visible PTIR for imaging and potential chemical 

identification with high-sensitivity and a few nanometers spatial resolution. Visible radiation is ab-

sorbed by the molecules and induces thermal expansion resulting in the mechanical deflection of the 

soft AFM cantilever. The performance of this framework is enhanced by two factors: the coincidence 

of the laser pulse repetition rate 𝑓45678   with the cantilever dithering resonance frequency 𝑓"879:, and 

gap plasmon enhancement of the electromagnetic field between gold-coated tip apex and substrate209–

211. The former improves the detection sensitivity and the latter one enhances the light-sample inter-

action and its photothermal response. This elaborated method achieved a high spatial resolution of 

~5 nm, which is better than that of the existing PTIR imaging in both infrared and visible range. 

Besides, the identification of monolayer chlorophyll-a molecules with the thickness of 1.9 nm with a 

spatial resolution of ~7.5 nm is demonstrated showing a monolayer-sensitivity of our PTIR system. 

We also successfully characterized the visible light-insensitive amyloid fibrils (9-nm-thickness) by 

taking the advantage of the stained methylene blue (MB) dye, which may shed light on the application 

of the light-insensitive samples for chemical characterization in nanoscale. 

4.2 Experimental	methods	

Gap plasmon resonance enhanced visible PTIR 
Nanosecond (20-50 ns) pulsed laser source (CrystaLaser CRL-QL671-100, USA) with the wavelength of 671 nm 

and the power of up to 100 mW (at 10 kHz repetition rate) were employed. The repetition rate of pulsed laser is 
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tunable, ranging from 1 to 200 kHz. It has the vertical 100:1 linear polarization. The laser was focused onto the 

sample located under the AFM tip at an angle of 45°-70° with the spot size of ca. 80-150 µm if a lens with the focal 

distance of 10 cm was used, and of ca. 40-60 µm if an optical fiber with a pigtail focuser was used. The ultra-smooth 

200-nm-thick template stripped gold-mica (Platypus Technologies, Madison, USA) was used as a substrate, and the 

sample preparation was implemented immediately after the gold-mica chip is separated from its support.  

A commercial AFM (NX10 Park Systems, Korea) operating in contact mode was used. We exploited silicon canti-

levers (HQ:CSC17/Cr-Au, Micromasch, Sofia, Bulgaria) having the nominal spring constant of 0.18 N/m and first 

resonance frequency of 13 kHz. These cantilevers have gold coated tips with an apex radius of less than 35 nm. The 

scanning was performed with the scan rate of less than 2 Hz in the ambient conditions. The lock-in amplifier SR850 

(Stanford Research Instr., Stanford, USA) was used. Further image flattening and processing were done with XEI 

software (Park Systems, South Korea) and SPIP (Image Metrology, Denmark) software. 

AFM cantilever characterization 
The characterization of AFM cantilevers was performed in different commercial AFM systems in the ambient con-

dition. The calibration of the spring constant of cantilever was performed using JPK Nanowizard III AFM (Bruker, 

USA). By using the thermal fluctuation method, we calculated the effective spring constant of each cantilever used 

in the experiment, and then the characterization of amplitude-frequency response of the cantilevers was carried out 

using Park AFM (NX10, Korea). 

COMSOL simulations 
The electromagnetic enhancement of our PTIR system was simulated by COMSOL Multiphysics 5.2a. The gold tip 

was simulated as a conical tip with half cone angle of 22° and with an apex radius of 25 nm, which are close to the 

actual parameters of AFM tip used in this experiment. The gap between gold tip and 200-nm-thick gold substrate 

( 212) was 2 nm. A p-polarized laser beam with a wavelength of 671 nm was incident at angle of 60° to the 

gap region of the PTIR system. 

Rhodamine nanohills sample preparation 
Laser dye Rhodamine 800 (CAS 137993-41-0, Sigma-Aldrich) was used in the experiments. The powder of Rho-

damine 800 was dissolved in the ethanol. After being sonicated for 3 min, 10 µl-droplets of the Rhodamine dye 

solution at the concentration of 200 µM were deposited onto the cleaved mica substrate, followed by drying in the 

vacuum desiccator overnight213. 

Chlorophyll-a sample preparation 
An aliquot (10 µl) of 10% 1,6-Hexanedithiol (CAS 1191-43-1, Sigma) was used to functionalize the template 

stripped gold-mica substrate for 3 min, followed by rinsing and drying with compressed air. Chlorophyll-a (CAS 

479-61-8, Sigma-Aldrich) powder was dissolved in the ethanol, followed by sonication for 3 min. Aliquots (10 µl) 

of the chlorophyll-a solution at the concentration of ~50 µM were deposited onto the functionalized gold substrate 

for 5 min, and then were rinsed and dried using a gentle nitrogen flow.  

14e @ -
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Amyloid fibril preparation and staining 
Full-length recombinant human α-Synuclein (AnaSpec, USA) was dissolved in the buffer (50 mM Tris:HCl, 150 

mM NaCl, pH 7.4) and then filtered with 100 kDa filter. The concentration of this protein solution was determined 

by ultraviolet absorbance (Nanodrop 2000, ThermoFisher, USA). The α-Syn solution was incubated at a concentra-

tion of 45 µM at 37 °C for 50 days.  

Then, the incubated α-Syn solution with amyloid fibrils was mixed with 0.001% w/v methylene blue solution. The 

mixed solution was filtered with 100 kDa filter, afterwards the retentate was resuspended in order to remove the 

monomers and unbounded MB particles. An additional filtering and resuspending was repeated twice to obtain the 

MB stained amyloid fibrils. Then, an aliquot solution of MB stained α-Syn fibrils (10 µl) was deposited onto the 

gold-mica substrate for 4 minutes, followed by drying with a gentle nitrogen flow. 

Ultraviolet-visible (UV-vis) spectroscopy 
The UV-Vis spectroscopic measurement was performed using Perkin-Elmer Lambda 950 spectrophotometer. The 

sample was tested in disposable plastic cuvette (Sigma-Aldrich) with a path length of 10 mm. The light source of 

spectrometer was switched on 20 min before measurement to have a stabilized light source. Spectra were acquired 

in the range 300–800 nm at 1 nm spectral resolution. Further analysis of the spectra was done using Origin Pro 

software. 

4.3 Results	
Schematic of our experimental setup is presented in Figure 4.1a. A tunable nanosecond pulsed (20-

50 ns) laser in visible range (671 nm) illuminates the sample, and the light absorption induces local-

ized photothermal expansion (Figure 4.1b). The AFM was operated in the contact mode so that the 

thermal expansion of the sample directly triggers the cantilever deflection. To characterize the oscil-

latory motion of cantilever, we investigated its frequency response at different conditions. The soft 

AFM cantilever with a gold-coated tip (Figure 4.1c) was used in this experiment. As indicated in 

Figure 4.1d, the frequency responses of the cantilever in the free oscillation condition (red) and in the 

contact conditions with different forces applied are shown. It can be seen that the first resonant fre-

quency of the cantilever’s free dithering located at 13 kHz, which almost disappeared when cantilever 

tip approached substrate and force was applied. Meanwhile, the first resonance peak of the cantilever 

with larger amplitude appeared at the frequency of ~55 kHz, after cantilever tip approached the subs-

trate. This agrees with the simulation of cantilever vibration modes (Figure 4.2). The ratio of these 

two frequencies is equal to 4.3, which rather well coincides with the theoretical consideration relevant 

for the resonant frequencies of hinged uniform rectangular beam whose one end is respectively free 

or supported214. In the region of applied forces around 20 nN, which was used in our experiments, the 

amplitude of the frequency resonance mode is already quite prominent, see Figure 4.1d. The laser 
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pulses were triggered by lock-in amplifier which worked exactly at this repetition rate (i.e. ~55 kHz 

for this case) to maximize the cantilever resonance amplitude and thus to improve the measurement 

sensitivity. 

 

Figure 4.1 Schematic representation and characterization of the visible PTIR setup. (a) The schematic of the visible PTIR 
system. (b) The process of photothermal expansion of investigated sample molecules under gold tip apex on the gold surface 
in absence and presence of radiation. (c) The scanning electron microscope (SEM) image of the AFM cantilever and tip 
(insert). (d) The frequency response of the cantilever in the free oscillation mode (red) and in the contact mode with different 
forces applied. The free cantilever oscillates at ~13 kHz of its first free-oscillating mode, while the first oscillating mode for 
the tip-contacted oscillation is ~55 kHz. This agree with the simulation in the Figure 4.2, and the insert shows the shape of 
the cantilever beam of the first free and contacted resonance modes. (e) The simulated distribution of electromagnetic field 
intensity (|E/E0|2). The 671 nm light was incident in the gap of 2 nm between gold tip and substrate at an angle of 60° in 
the simulation and an enhancement factor in the order of 105 was achieved (see details in Methods section). 

There are several factors contributing to the amplification of electromagnetic field in the gold tip-

substrate gap region in our experiments. First, the size of gold tip apex used is much smaller than 

light wavelength, which relaxes the necessity to use special schemes, e.g. the Kretschmann geometry, 

to excite surface plasmons. Then, the gap plasmon resonances are efficiently excited by laser in visi-

ble range to achieve higher sensitivity than that in the infrared range194, these aspects will be discussed 

in details later. Note, that the laser used has vertical 100:1 linear polarization, and thus the radiation 

is strongly p-polarized hence suitable for the observation of gap plasmon resonance194,215 in the gold 

tip-substrate region. Thus, for 2 nm thickness tip-substrate gap, the simulated local electrical field 

with an enhancement factor of as high as 1.6×105 is achieved under the AFM tip (Figure 4.1e).  
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Figure 4.2 The simulation of cantilever resonance. (a) Simulation of cantilever resonance modes and their shape of canti-
lever beam of the first three resonance modes in the free oscillation condition (up) and in the contact condition (bottom). In 
the free cantilever condition, the resonance frequencies of the first, second and third resonance modes are 10, 66 and 185 
kHz, respectively. Whilst in the contact condition, these resonance frequencies are 61, 203 and 399 kHz respectively. The 
shape of oscillating cantilever in different oscillating frequencies are showed. (b) The correspondence of the frequencies of 
first five resonance modes between simulated and experimental results in both free and contact oscillation.  

4.3.1 Characterization	of	Rhodamine	800	dye	nanohills	

The first trial to test our visible PTIR system was performed with Rhodamine 800 laser dye, which 

has a strong optical adsorption at 671 nm (Figure 4.3). Nanohill-like clusters of dye molecules with 

a typical size of 50-500 nm and a height of 20–50 nm were deposited onto the mica surface (Methods 

section). The AFM and PTIR maps scanned in the contact mode are shown in Figure 4.4. Here, the 

height and error signals are obtained from AFM feedback loop. They describe respectively the sample 

topography and precision of the surface tracking during the scanning. The PTIR-amplitude and PTIR-

phase signals are obtained from the outputs of the lock-in amplifier, indicating the amplitude of can-

tilever vibration (hence corresponding to the magnitude of photothermal expansion) and the phase 

shift of this vibration with respect to the triggering lock-in output signal, respectively.    

As shown in Figure 4.4, for 40-nm-high Rhodamine cluster, the PTIR signals disappear when laser 

irradiation is absent (Figure 4.4c-d), and appear once the laser illuminates the sample (Figure 4.4e-f). 

Both PTIR-amplitude and PTIR-phase are maximal (Figure 4.4g-h) when the laser repetition fre-

quency matches the cantilever resonance frequency.  
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Figure 4.3 The UV-vis absorption spectrum of the 1% Rhodamine 800 dye solution. 

Assuming an optical absorption cross section  σ ≅ 1.2 × 10?@A	𝑐𝑚C for Rhodamine 800 molecule216, 

for the laser pulse energy of 0.6 uJ and energy flux 	J = 1.5	mJ/𝑐𝑚C  (50 mW, 80 kHz repetition rate 

and focal spot of ca. 0.2 mm size), we obtain an estimation of the increase of the temperature during 

one laser pulse as 	∆T ≅ J∙L∙MN
OP

= 200	𝐾. Here 𝑁R is Avogadro number and 𝐶T is a molar heat capac-

itance of the dye, for which a value 𝐶T = 550		𝐽/𝐾 ∙ 𝑚𝑜𝑙 , measured for analogous Rhodamine dye217, 

was applied. In this estimation, we ignore the reflection of laser radiation and the electromagnetic 

field enhancement by sharp metal-coated tip, as well as different correcting factors related with the 

shape and refraction index of nanohill-like dye structures218.  

 
Figure 4.4 The visible PTIR measurements of the nanohill-like Rhodamine cluster. (a-b) The height and error signal of the 
Rhodamine cluster with a height of 40 nm. (c-h) The PTIR-amplitude (c, e, g) and PTIR-phase (d, f, h) signals obtained while 
laser is off (c, d), and for laser repetition frequency mismatching (e, f; at ~80 kHz) and matching (g, h; at ~55 kHz) the 
cantilever resonance frequency. 
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We suppose that the percentage of light energy absorbed by the Rhodamine nanohill with the height 

h is small, 𝜎𝑐ℎ ≪ 1, where 𝑐 is the number of dye molecules per cubic centimeter. This value does 

correspond to our observations that the samples are not too far from melting during experiment, and 

thus long-time exposure of laser irradiation should be avoided. Accepting for the dye the thermal 

expansion coefficient of	𝛼 ≅ 10?\𝐾?@, which is characteristic for majority of polymers and plastics, 

we see a quite large expansion of a 40 nm-nanohill Rhodamine cluster in our experiment: 

. The spring constant related with the elongation of this dye structure with the 

lateral size L=200 nm and height h=40 nm is of the order of 	𝑘 ≅ 𝐿C 𝑌 ℎ⁄ ≅ 40~400	𝑁/𝑚, much 

larger than that of the cantilevers used (0.18 N/m). Here 𝑌 is the Young’s modulus estimated experi-

mentally as ranging 0.04 - 0.4 GPa144. 

 

Figure 4.5 The characterization of the nanohill-like Rhodamine cluster. (a-b) The height and PTIR amplitude images of the 
Rhodamine cluster, scanning at a rate of 2 Hz in the 0.5 × 0.5	𝜇𝑚C area with 256×256 pixels. (c) The profile of the height 
and PTIR-amplitude signal of the investigated Rhodamine nanohill along the arrows indicated in the height and PTIR-ampli-
tude maps. 

Further characterization of Rhodamine dye was carried out, as shown in Figure 4.5, to better under-

stand the visible-PTIR measurement sensitivity and spatial resolution. The morphology and PTIR-

amplitude of nanohill-like Rhodamine cluster are shown in Figure 4.5. The 0.5 × 0.5	𝜇𝑚C PTIR im-

age is obtained with 256×256 pixels with a scanning rate of 2 Hz, and thus each pixel corresponding 

to 2×2 nm2 area represents the average signal of 110-160 pulses of the laser. As seen, more structural 

details can be found on the PTIR-amplitude map, compared with the height image. Here, a high spatial 

resolution of ~5 nm is achieved, which, to the best of our knowledge, is the highest spatial resolution 

0.8h h T nmd a= D @
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achieved in the existing PTIR studies199,205,219 and approaches best resolution of TERS in ambient 

conditions (2-15 nm52,220). In comparison with infrared PTIR where the best lateral resolution is 

around 20 nm199,200, the better performance in visible range is believed to be due to the larger molec-

ular absorption coefficient of visible radiation and higher light intensity caused by the possibility of 

better focused spot of incident light. Certainly, the enhancement of electromagnetic field in this PTIR 

system also plays an important role. This result is also slightly better than that (lateral resolution of 

8.3 nm) obtained in the recent study of visible PTIR using an uncoated sharper AFM tip205. 

4.3.2 Characterization	of	monolayers	of	Chlorophyll-a		

Detection and imaging of monolayers of organic molecules are of great importance in many research 

fields. Still in most cases, PTIR investigations target only an averaged information pertinent for a 

large accumulation of molecules, while working with monolayer molecules is certainly more chal-

lenging221 and it is rarely studied. This is due to smaller photothermal expansion and lower SNR 

generated by the monolayer molecules with the typical height of a few nanometers. 

To testify the monolayer-sensitivity of our visible PTIR experiments, we investigated 2-nm-thick 

monolayer of chlorophyll-a molecules222,223, deposited on the 1,6-Hexanedithiol functionalized gold 

surface (Figure 4.6a and Methods section). The chlorophyll-a molecules show strong absorption in 

the band 1650-1680 nm (Figure 4.6b). To enhance the PTIR signal, in addition to the matching of 

resonance frequencies, we targeted also the gap plasmon resonance-based field enhancement of the 

PTIR signal.  

The topology and PTIR maps of investigated monolayer are shown in the Figure 4c-j. The “island” 

of chlorophyll-a, in the middle of Figures 4.6c-e, with the height of 1.9 nm (Figure 4.6j) strongly 

absorbs the visible radiation and thus induces thermal expansion, which was detected in our visible 

PTIR system. The zoom-in characterization can be seen in Figure 4.6f-h. A considerable improve-

ment of the spatial resolution was achieved according to Figure 4.6j: PTIR-amplitude and height maps 

exhibit a spatial resolution of ~7.5 nm and ~28 nm respectively. Meanwhile, the PTIR-amplitude 

maps (Figures 4d and 4g) show a clear difference between chlorophyll-a and substrate, which is better 

than that of AFM height image. Besides, note that the 3-nm-thick structure indicated with the magenta 

dash line in Figures 4.6c-e, shows no signal of photothermal expansion (Figure 4.6d and 4.6i), which 

is believed to be other chemicals or artifacts formed during sample preparation. This is a clear demon-

stration of the chemical selectivity attained in our experiments. 
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Figure 4.6 The visible PTIR characterization of chlorophyll-a monolayer. (a) The workflow procedure of preparing chloro-
phyll-a monolayer on the gold substrate. (b) UV-vis absorption spectrum of chlorophyll-a molecules. (c-e) The height (c), 
PTIR-amplitude (d) and PTIR-phase (e) of chlorophyll-a monolayer island. (f-h) The height (f), PTIR-amplitude (g) and PTIR-
phase (h) of the zoom-in area indicated (c) on the chlorophyll-a monolayer island. (i) The profile of height and PTIR-ampli-
tude signal of the island in (c, d) along the arrow. (j) The profile of height and PTIR-amplitude signal of the island in (f, g) 
along the arrow. The green dash line indicates the approximate height of single chlorophyll-a molecule which shows a di-
mension of around 1.9 nm, and the spatial resolution of chlorophyll-a monolayer on the PTIR-amplitude map is up to ~7.5 
nm. 

Let us describe gap plasmon resonance (also named plane-sphere structure plasmon resonance) field 

enhancement in more details. This resonance is a hybrid resonance between metal-coated AFM tip, 

approximating as a sphere with the real part of the dielectric permittivity , and semi-infinite 

space occupied by the metal with the real part of the dielectric permittivity .  The resonance 

condition214,215 is  
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where n=0, 1, 2….,  is dielectric permittivity of the environment,  is the radius of the tip apex 

and  is the gap size. The formula (1) can be understood as a tool to determine the resonant gap 

distances 𝑑 for any given frequency: 

                      (2). 

In the middle IR spectral range, the distances 𝑑 for which the resonance takes place for small values 

of 𝑛 are very small. For example, at the wavelength of 2.48 um (which is ca. 4000 cm-1 so that exci-

tation of almost all characteristic molecular vibrations needs this or longer wavelength), where 
224, even for blunt tip with R=100 nm,  and n=0, we obtain . 

This value rapidly drops further with the increase of the wavelength. If 𝑑 is much larger, as this takes 

place in our and other experiments199, we still can formally have a kind of resonance at large values 

of 𝑛, but then it does not make a great sense to speak about “gap plasmon” and there is no hybridiza-

tion between sphere and plane. Certainly, in some cases the excitation of vibrational overtones in near 

IR might be useful, but already for twice smaller wavelength of 1.24 um we have 

224 and thus , so that submonolayer sensitivity is needed to realize resonant conditions. 

This might be problematic given the small optical absorption cross sections for vibrational overtones. 

Situation is quite different for the visible light, i.e. in the case of our experiments. Although this is 

difficult to obtain reliable estimations of the dielectric permittivity for the gold tip at wavelength of 

671 nm in the literature, we can still estimate this values as ranging from 224 to 

225. Correspondingly, then for n=0, 226 and R=30 nm, which is close to the actual parameter 

of the gold-coated tips used in this experiment, we get the resonant gap distance ranging from 

 to . Thus, this does not seem surprising that at certain conditions plasmon 

gap resonance can be excited for the thicknesses close to 2 nm (Figure 4.6). In addition, the simulation 

shows an enhancement factor of the order of 105 for the electric field under the tip during the charac-

terization of 2-nm-thick monolayer. Indeed, the excitation of the gap plasmon resonance and its utility 

for Scanning Probe Microscopy (apertureless s-NSOM for the case) have been demonstrated al-

ready201, also in the visible range at 633 nm. Note also that the effect of the field enhancement is 

localized in transversal x-y directions on the subtip scale with the size around ; that is of the 

order of 10 nm for our case (accepting ). In relation with this, it is worthwhile to underline 
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again the experimentally observed better resolution in PTIR channel than that in AFM topographical 

one (Figure 4.6j).   

With gold-coated tip and substrate, not only the light absorption of the chlorophyll-a, but that of the 

gold is also important. At the wavelength used we have for the corresponding absorption coefficient 
224,225, which means that both gold coatings involved absorb light quite efficiently.  

This definitely enlarges the characteristic thermal expansions realized in our experiments, much fur-

ther than sub-angstrom values which follow from the consideration given above. 

4.3.3 Characterization	of	amyloid	fibrils	stained	with	MB	dye		

With the advantage of molecular sensitivity in our visible-PTIR system, the following attempt is to 

characterize non-absorbing nanostructures stained with small light-absorbing molecules. For this, we 

utilized the methylene blue dye, which quite efficiently absorbs at the 671 nm, to study visible light-

insensitive amyloid fibrils (Figure 4.7) using our visible PTIR system. 

 
Figure 4.7 The preparation of MB stained α-Synuclein fibrils. The workflow (up) shows the procedure of the preparation of 
stained α-Synuclein fibrils. The methylene blue solution (spectrum 1) was mixed with the visible light-insensitive α-Syn fibril 
solution (spectrum 2), which was obtained after the incubation of 45 μM α-Synuclein monomers for 50 days (see the Method 
section). After mixing, the solution (spectrum 3) was filtered with 100 kDa filter, then the retentate was resuspended in 
order to remove the monomers and unbound MB molecules. The solution with MB-stained fibrils and oligomers are then 
obtained, and used for the following deposition on the substrate. Compared with visible light-insensitive α-Syn fibril solution 
(spectrum 2), this solution of stained fibrils shows a relatively weak absorption peak at 670 nm (spectrum 4). For further 
detailed see the Method section. 
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Figure 4.8 The visible PTIR characterization of methylene blue stained amyloid fibrils. (a-c) The height (a), PTIR amplitude 
(b) and PTIR phase (c) signal of visible-PTIR scanning on the MB-stained amyloid fibrils. (d) The schematic of PTIR study on 
the MB molecules (blue dots) stained amyloid fibril (green linear assembly). (e) The height (black) and normalized PTIR 
amplitude (blue) signals of the cross-section of amyloid fibril and oligomer indicated by the red dash line. 

Amyloid fibrils are the aggregates of amyloidogenic proteins and methylene blue (MB) has been 

proved to be able of inhibiting protein aggregation, including α-Syn227–229, Tau230 and β-amyloid231. 

The mechanism by which MB acts as inhibitor is not clear, but it may depend on its interaction with 

aggregates to reduce protein-protein binding230. As a result, there is a focus of interest in the potential 

MB-treatment in the protein aggregation related neurodegenerative disorders, such as Parkinson’s 

and Alzheimer’s disease. A-Synuclein (α-Syn) fibril is a characteristic pathological feature of synu-

cleinopathies and Parkinson’s disease, and the preparation details of MB stained α-Syn fibrils are 

given (Methods section and Figure 4.7). The AFM and PTIR data are presented in Figure 4.8. The 

study of height distribution along the fiber shows that we have a case of twisted fibrils136 here (Figure 

4.9). As can be seen, the fibrillar and oligomeric aggregates with the height of 5-10 nm are clearly 

observed in the PTIR images.   
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In Figure 4.8e, we present the height and normalized PTIR amplitude signals of the cross-section of 

amyloid fibril indicated in Figure 4.8a-b. The PTIR amplitude is maximized at the top of the 9-nm-

thick fibril and it is noticeable that the fibril width of 64 nm on the AFM topological data (grey arrow) 

is reduced to 45 nm (blue arrow) in the PTIR signal. This again demonstrates that the photothermal 

expansion can provide more precise detection for sample characterization. Besides, we see that the 

fibrils in the PTIR-amplitude map are not as smooth as the same fibrils in the height image, which 

we believe is, among others, due to the additional contrast caused by heterogeneous distribution of 

MB molecules on the amyloid fibril surface (Figure 4.9). 

 

Figure 4.9 The characterization of α-Synuclein fibrils. (a-b) The AFM image of non-stained α-Synuclein fibrils: the majority 
of fibrils have twisted morphology with fluctuated height profile. The height profiles of the fibrils 1, 2 and 3, as indicated in 
(a), are shown in (b). (c) The overlapped map of morphological and PTIR amplitude images of MB-stained amyloid fibril from 
Figure 4.8a-b, where the fluctuated shape along the axis of the MB stained fibril is clearly seen. The insert shows the profiles 
of height and PTIR-amplitude along the axis of this fibril. (d) The schematic representation of AFM scanning of twisted 
amyloid fibril and MB distribution along the fibril. The thicker region accumulates more MB molecules, thus gives a stronger 
response in the PTIR measurement. This also partly explains the larger fluctuated contrast on the PTIR-amplitude profile 
over that on the height profile (c). 

Moreover, the structure with a height of 2.1 nm indicated by the red arrow in Figure 4.8e, which can 

be clearly seen on the PTIR-amplitude map, is believed to be MB-stained α-Syn oligomer. The ratio 

of heights between the fibril and oligomer is equal to 0.22, and this value increases to 0.5 on the PTIR 

curve. In our opinion, this might be due to the difference of the electromagnetic field enhancement 

for different gap sizes, as it should be for the case of gap plasmon resonance. The dielectric constant 
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of amyloid fibrils232 is close to that of Chlorophyll, so we obtain the size of resonant gap ranging 2-8 

nm, and our experimental data suggest that actually this value is more close to the lower end of the 

range. It seems that this effect can greatly benefit the ultrasensitive imaging and characterization of 

small nanostructures, of the order of nanometers. 

4.4 Conclusion	
In summary, we presented a PTIR system in the visible range, achieving chemical identification with 

the spatial resolution of ~5 nm and monolayer sensitivity (~2 nm). These advantages result from two 

factors exploited in our experiments: matching the laser pulse repetition rate with the resonance fre-

quency of AFM cantilever, and gap plasmon resonance enhancement. The former improves the sen-

sitivity by making the detection of the cantilever vibration induced by sample expansion much more 

effective. The latter enhances the approach by amplifying the acting electromagnetic field. For the 

radiation spectral range used, the values of the tip-substrate distance	𝑑, corresponding to efficient 

plasmon gap resonance, lie in the range of a few nanometers. This fits very well with the practically 

interesting range of monolayer coatings, nanomaterials, bio-macromolecules, and many others. This 

also means that the small variations of the sample thickness can lead to large changes of the EM field 

amplification drastically improving the resolution and contrast of the images.  

We believe that our proposed visible PTIR system, given the achieved spatial resolution and sensi-

tivity level, will be quite useful for compositional identification at nanoscale for various samples and 

molecules absorbing radiation in the visible range. Also, the imaging of MB-stained amyloid fibrils 

suggests that those macromolecules which are not sensitive to incident radiation may also be studied 

and characterized utilizing an appropriate modification with light-absorbing chemical compounds. 

Applications ranging from nanomaterial science, analytical chemistry, optoelectronic industry to bi-

ological macromolecules can be envisaged. 
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 Effect	of	sedimentation,	micro-
gravity,	hydrodynamic	mixing	and	air-water	
interface	on	protein	aggregation	
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This chapter is based on an accepted paper in the Journal Chemical Science, with the following in-
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Abstract. The formation of amyloid fibrils is a characterizing feature of a range of protein misfolding 

diseases, including Parkinson’s disease. The propensity of native proteins to form such amyloid fibril, 

both in vitro and in vivo, is highly sensitive to the surrounding environment, which can alter the ag-

gregation kinetics and fibrillization mechanisms. Here, we investigate systematically the influence of 

several representative environmental stimuli on α-synuclein aggregation, including hydrodynamic 

mixing, the presence of an air-water interface and sedimentation. Our results show that hydrodynamic 

mixing and interfacial effects are critical in promoting several microscopic steps of α-synuclein ag-

gregation and amyloid fibril formation. The presence of an air-water interface under agitation signif-

icantly promoted primary nucleation. Secondary processes were facilitated by hydrodynamic mixing, 

produced by 3D rotation and shaking either in the presence or in the absence of an air-water interface. 

Effects of sedimentation, as investigated in a microgravity incubator, of α-synuclein lead only to 

minor changes on the aggregation kinetics rates in comparison to static conditions. These results for-

ward the understanding of α-synuclein fibrillization, paving the way for the development of high-

throughput assays for the screening of pharmacological approaches targeting Parkinson’s disease. 
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5.1 Introduction	
The formation of pathological fibrillar amyloid aggregates is associated with several protein misfold-

ing diseases, including many neurodegenerative disorders.57,58,60 Within this class of diseases, Par-

kinson’s diseases82,233,234 is fundamentally linked at the molecular level with the misfolding and ag-

gregation of the a-synuclein protein.  

The mechanistic link between a-synuclein amyloid formation and disease onset is still elusive and to 

date no treatments to delay or cure Parkinson’s disease are available This knowledge gap in part 

originates in a lack of comprehensive understanding of the energy landscape and the kinetics of the 

transition from soluble native monomers to insoluble amyloid fibrils. Further limiting factors are re-

lated to the poor reproducibility of the kinetics of aggregation, as well as a high degree of polymor-

phism, which reflects on the weak tendency of a-synuclein to spontaneously aggregate in vitro. These 

effects hamper the accurate study of a-synuclein aggregation required for high-throughput for bio-

technology and drug discovery purposes.141,144  

The aggregation kinetics of a-synuclein is routinely accelerated by exploiting the effect  of solution 

conditions or other external factors, including pH,235 temperature235 and ionic strength,235–237 as well 

as seed aggregates,235,238,239 nanoparticles240 and lipid vesicles241. Moreover, a variety of hydrody-

namic mixing approaches, including stirring235,242, shaking243 and shearing244 are employed. In par-

ticular, hydrodynamic mixing plays a critical role in protein aggregation235,240,245 and it has been pre-

viously shown that the strength of the hydrodynamic flow may be critical for accelerating fibril for-

mation.235,246 Further fundamental but elusive factors, which have been shown to influence protein 

aggregation kinetics are the phenomena of sedimentation during incubation and the interaction with 

air-water interfaces.235,243,245 The poorly controlled presence of hydrophobic interfaces can cause un-

certainty and variability in the kinetics of aggregation, as well as a high degree of polymor-

phism.245,247–251 Furthermore, many biological activities are gravity-dependent,252 such as lipid mem-

brane fluidity253–255 and ion channels,256 and it has been reported that microgravity and hyper-gravity 

conditions with under/over-sedimentation effect can promote or hinder the aggregation process re-

spectively.257 However the gravitational influence on protein aggregation is still not fully under-

stood257,258 and the understanding of the combined phenomena of sedimentation, hydrodynamic mix-

ing and interaction with air-water interfaces on protein aggregation remains  elusive. 

In the present work, we undertake a systematic characterization of a-synuclein aggregation in static, 

microgravity and orbital shaking condition to investigate and unravel the influence of sedimentation, 
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hydrodynamic mixing and air-water interfaces on the microscopic steps of primary nucleation and 

secondary processes of a-synuclein aggregation. To characterize the process of aggregation, we ex-

ploited a combination of Thioflavin T (ThT) based kinetics assays141,241,259, circular dichroism (CD) 

spectroscopy141,260, high-resolution atomic force microscopy (AFM) imaging141,163,261 and the theo-

retical platform offered by chemical kinetics70,71. 

5.2 Experimental	methods	

Expression and purification of a-Synuclein  

Recombinant wild type a-synuclein was expressed by E. coli and then purified as described previously262.  

Experimental setup and aggregation assay  

Purified monomeric a-synuclein protein was dissolved in buffer (50 mM Tris·HCl, 150 mM NaCl, pH 7.4), and 

filtered through a 100 kDa filter. The a-synuclein concentration in the solution was determined by ultraviolet ab-

sorbance (Nanodrop 2000). An aliquot (1 mL) of a-synuclein solution was sealed either in a low protein-binding 

syringe while gently removing the gas vesicle inside or in an Eppendorf tube. The a-synuclein solution was incu-

bated at 37 °C in static, orbital shaking, and RPM-induced microgravity conditions.  

In static condition, the protein solution samples were statically incubated in the incubator at 37 °C. In orbital shaking 

condition, the a-synuclein solutions in both the Eppendorf tube and the syringe were vertically fixed and agitated 

in the horizontal plane at the speed of 400 rpm. The microgravity environment was simulated by using a self-build 

random position machine (RPM) with the reported protocol255. This RPM system was realized by employing 3D-

clinostat configuration263–265 to rotate three-dimensionally the sample with well-controlled speed and acceleration. 

This RPM system contains two independent high-precision motors to give a random rotation orientation and gravity 

vector on the sample, providing a simulated microgravity condition for protein aggregation. For the condition of 

microgravity, the a-synuclein solution was sealed in the syringe and incubated in the chamber of the RPM system 

at 37 °C.  The sample solutions were placed in the rotational center of the RPM system to maintain an average null 

gravity vector and to minimize residual gravity artifacts during the experiment255,266. Due to the size of the syringe 

used, the protein samples experienced a free-fall with small spherical trajectories, resulting in a good approximation 

of a microgravity environment ranging from 0 g to 0.2 g255,267. During the experiment, a constant speed of ~30 rpm 

was applied on both axes. This relatively fast speed was chosen to generate the simulated microgravity and to 

maintain the centrifugal force minimal. For the 3-dimentional (3D) shaking condition, the a-synuclein solutions in 

the Eppendorf tube were also incubated in the RPM system. However, instead of generating microgravity, the agi-

tation in random direction generated 3-dimensional liquid turbulence in the Eppendorf tube. This effect provoked 

the influence of hydrodynamic mixing and interaction between protein and air-water interface, on the protein ag-

gregation in the bulk solution in the Eppendorf tube. 
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AFM measurement 

An aliquot (10 µl) of diluted a-synuclein solution (10 µM) was prepared before each AFM measurement. Freshly 

cleaved mica was functionalized with an aliquot (10 µl) of 0.5% (3-Aminopropyl) triethoxysilane (APTES) for 1.5 

min at room temperature, and was then rinsed and dried with a compressed gas flow. Then, an aliquot (10 µl) of the 

a-synuclein solution at a concentration of 10 µM was deposited on the functionalized mica for 4 min, which was 

immediately rinsed with mili-Q water and dried by a gentle flow of nitrogen gas. AFM imaging was operated by 

Park NX10 AFM (Park Systems, South Korea) in non-contact mode in ambient conditions. PPP-NCHR cantilevers 

were used, they have a typical spring constant of 42 N/m and a tip radius of less than 7 nm. A stable and weak tip-

sample interaction was applied during scanning with a phase variation of ±5° in the negative region for a consistent 

measurement of fibrillar cross-sectional dimensions163. AFM images were flattened using XEI software (Park Sys-

tems, South Korea). The statistical analysis of amyloid fibrils on the AFM images was carried out by SPIP software 

(Image Metrology, Denmark). The average height of amyloid fibrils was measured by averaging the cross section 

of the fibrillar structure. More than 100 fibrils on multiple random scanned locations were measured in each condi-

tion. The volume of fibrils was characterized by using SPIP software and compared between the fibrils from differ-

ent 4×4 µm2 AFM images and six random-selected areas were calculated in each condition.  

CD spectroscopy 

An aliquot (40 µL) of diluted a-synuclein solution (15 µM) was analyzed with a Jasco J-815 CD spectrometer in 

the range of 190-280 nm in each measurement at room temperature. A high-quality quartz cuvette with an optical 

path length of 1.0 mm was employed and spectra were collected every 0.2 nm in continuous scanning mode at a 

speed of 40 nm/min. Further smoothing of spectra was processed with a Savitzky-Golay filter (10 points, 2nd order). 

ThT fluorescence assay 

Fresh ThT solution was prepared from stock solution before each measurement at a concentration of 100 µM. An 

aliquot of a-synuclein solution was diluted by ThT solution and Milli-Q water to reach a final concentration of 3 

µM and a ThT concentration of 10 µM in every experiment. An aliquot of prepared a-synuclein solution (70 µl) in 

each condition was measured in a Bucher Analyst AD plate reader. ThT measurements were performed at an exci-

tation wavelength of 450 nm and an emission wavelength of 485 nm. 

Quantitative analysis of ThT assays 
The ThT assays were analyzed using the online fitting software AmyloFit, following the referred guidelines71. In 

summary, the normalized data were fitted to the general model ‘secondary nucleation dominated, unseeded’. Each 

fitting parameter was constraint to have identical values for a given experimental condition. The fitted lines are 

shown in Figure 5.9 (first column). The fitting results were converted into the rate of primary nucleation, λ, and 

secondary processes, κ, according to 

𝜆 =	d2	𝑘e𝑘:𝑚f
:g and  𝜅 = 	d2	𝑘e𝑘C𝑚f

(:je@) 
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respectively, where the parameters k+kn, nc, k+k2 and n2 were obtained from fitting. The values for the intermediate 

concentration of 30 µM are plotted in Figure 5.10e in the main text. The half-times shown in Figure 5.10d in the 

main text were extracted from the normalized curves of the ThT assays using the ‘Half Time Plotter’ functionality 

of AmyloFit. 

Further machnistic investigation 
An alternative approach to investigate which microscopic step is most likely affected by a change in the experi-

mental conditions is to describe the observed effects by allowing variation of only one specific microscopic step 

and then compare which scenario best describes the data. This analysis was also performed using the online fitting 

software amylofit, and the general model ‘secondary nucleation dominated, unseeded’. To study effects on primary 

nucleation, the fitting parameters related to primary nucleation, i.e. k+kn and nc, were allowed to vary with the exper-

imental conditions, whereas the remaining fitting parameters were constrained to one global value for all conditions. 

The rate of primary nucleation, λ, was then calculated as before using 𝜆 = 	d2	𝑘e𝑘:𝑚f
:g, where m0 indicated the 

monomer concentration. The effects on secondary processes were studied analogously, i.e. the fitting parameters 

related to secondary processes, namely k+k2 and n2, were allowed to vary with the experimental conditions, whereas 

the remaining fitting parameters were constrained to one global value for all conditions. The rate of secondary 

processes, κ, was then evaluated according to 𝜅 = 	d2	𝑘e𝑘C𝑚f
(:je@) where m0 denoted again the monomer concen-

tration. Finally, effects on the elongation reaction were studied analogously, but utilizing the model ‘secondary 

nucleation dominated’, which allows to decouple the rate constant of elongation, k+, from the rate constant of pri-

mary nucleation or secondary processes respectively. The fitting results are shown in Figures 5.9 (primary nuclea-

tion, secondary processes and elongation). Panel a in these figures shows the variation of the parameter allowed to 

vary with condition. The mean squared errors obtained when allowing different parameters to vary were comparable, 

and therefore none of the scenarios could be ruled out, i.e. it could not be determined whether the altered experi-

mental conditions mainly affected primary nucleation, secondary processes or elongation. This indicated that the 

tested experimental conditions influenced the aggregation of α-synuclein in a more complex manner than just one 

single process. Indeed, the fits represented the data better when changes in both primary nucleation and secondary 

processes were allowed (compare fits to global fits in the first column of Figure 5.9). This is not surprising given 

that this study encompasses the effects of several distinct experimental features. The way in which the tested exper-

imental conditions likely affect primary nucleation and secondary processes is discussed in the main text. 

5.3 Results	
We selected six distinct conditions to study the influence of sedimentation, hydrodynamic mixing 

and the presence of an air-water interface on the aggregation of α-synuclein, as shown in Figure 5.1 

left. The protein solution was studied in three different dynamic conditions: 1) static; 2) orbital shak-

ing, achieved by shaking at 400 rpm (rotations per minute) on a circular orbit on the horizontal plane; 
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3) microgravity environment, implemented by using a random position machine (RPM) with a 3D-

linostat configuration, rotating at ~30 rpm255,267. Additionally, for each dynamic condition, the protein 

solution was sealed and incubated either in an Eppendorf tube in the presence of an air-water interface 

or in a syringe in the absence of any air-water interface. The experiments were performed at pH 7.4, 

at 37 °C and at a variable initial monomeric concentration between 20 and 65 µM. Aliquots were 

taken at different time points and characterized by AFM, CD and ThT assays. 

 
 Figure 5.1 Schematic of the experimental approach. Left: The time course of α-synuclein aggregation was studied under a 
combination of distinct dynamic conditions (static, orbital shaking and microgravity268 ) and in the presence or absence of 
an air-water interface, as implemented in Eppendorf tubes or syringes respectively. Right: Experimental methods used to 
characterize a-synuclein aggregates and aggregation kinetics: high-resolution AFM microscopy to assess aggregates mor-
phology and formation (Top), CD spectroscopy to investigate changes in secondary structure (Middle), and ThT fluorescence 
assay to study aggregation kinetics (Bottom). 

In the static syringe (Static-Syr), the aggregation was subject only to sedimentation effects, while in 

the Eppendorf tube (Static-Epp) an additional static air-water interface was present. Orbital shaking 

introduced hydrodynamic mixing effects in the agitated syringe (OShaking-Syr), whereas, in the case 

of agitated Eppendorf tube (OShaking-Epp), it provoked a combination of hydrodynamic flow and 

interfacial interaction with a moving air-water interface. In the simulated microgravity environment, 

the sample sealed in the syringe (microgravity-Syr) experienced less sedimentation compared with 

the static condition. Whereas the protein solution under microgravity in an Eppendorf tube (micro-

gravity-Epp) was exposed to a continuous 3D rotation of the air-water interface. 
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Figure 5.2 High-resolution imaging of amyloid fibrils formation by AFM. Time points of aggregation at 4, 8, 12, 16 and 30 
days in static-Eppendorf (static-Epp) (a), microgravity-Syringe (microgravity-Syr) (b), Orbital Shaking-Syringe (OShaking-Syr) 
(c), Orbital Shaking-Eppendorf (OShaking-Epp) (d) and microgravity-Eppendorf (microgravity-Epp) (e) conditions at initial 
monomeric concentration of 45 µM. Scale bar is 1 µm. The histograms (right) show the statistical distribution of the cross-
sectional height of fibrillar aggregates after 30 days. 

 

Figure 5.3 Statistical data of the volume of fibrillar aggregates. Fibrils obtained after 30-days incubation (left) and of the 
mature fibrils obtained in the plateau phase of aggregation. It is clear that, after 30-d incubation, the fibrillar aggregates 
formed in the Static-Epp and microgravity-Syr conditions were two orders lower than that of other conditions. In compari-
son, these values of mature fibrils are in the same order of magnitude, indicating that the initiating monomeric protein 
could yield the similar amount of fibrillar aggregates in the final plateau stage under different studied conditions. 
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5.3.1 Nanoscale	imaging	of	a-synuclein	amyloid	formation	

To unravel the process of protein fibrillization at the single aggregate scale, we used high-resolution 

AFM imaging of the 3D morphology of individual protein assemblies (Figure 5.2). To improve ad-

sorption of the negatively charged a-synuclein species on the surface, we exploited the positive chem-

ical functionalization of mica by APTES (Methods section). For each of the conditions shown in 

Figure 5.1, we collected an aliquot of the aggregating solution after 4, 8, 12, 16 and 30 days of incu-

bation, which were then deposited on the positive functionalized mica. This approach enabled to 

monitor the process of aggregation at high spatial resolution and at the single aggregate level. 

 
Figure 5.4 Comparison of amyloid formation in static conditions in Eppendorf tubes with an air-water interface and sy-
ringes without an air-water interface. (a) AFM images of protein aggregates obtained in Static-Epp and Static-Syr condi-
tions after 30 and 54 days of incubation. The scale bar is 1 µm. (b) Statistical analysis of the volume of the formed fibrillar 
aggregates after 30 days (left) and 54 days (right) of static incubation for Eppendorf and syringe incubation. This result 
indicates that a similar speed of fibrillar aggregates formation in these two conditions. 

A qualitative observation of the aggregation in each condition of incubation demonstrates that protein 

aggregated slower in static and microgravity syringe conditions. In static conditions in both the ab-

sence and presence of an air-water interface only very few and short protofibrils with typical fibril 
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cross-sectional diameter of 4±2 nm were formed after 30 days (Figure 5.2a). The formation of mature 

amyloid fibrils occurred both in the presence and absence of an air-water interface only after 54 days. 

Remarkably, in static conditions, the presence of the air-water interface did not significantly affect 

the process of amyloid formation. In microgravity-Syr conditions, mature fibrillar aggregates with 

cross-sectional diameter above 6 nm were observed already after 16 days, they increased in abun-

dance after 30 days incubation, and the formation of abundant mature amyloid fibrils was observed 

after 54 days. In contrast, OShaking-Epp conditions lead to the formation of mature fibrillar aggre-

gates after only 16 days of incubation. In the presence of a moving air-water interface (OShaking-

Epp and microgravity-Epp), abundant mature fibrillar aggregates were formed already after 8 days of 

incubation. These aggregates had typical lengths of few micrometers and a cross-sectional height 

above 6 nm. 

 

Figure 5.5 Morphological characterization of amyloid fibrils after 30 days of incubation. (Left) AFM images of fibrils 
formed after 30 days. (Middle) The zoom-in AFM image in the area indicated in (a1-e1) to show the detailed shape of fibrils. 
(Right) The fibril height profiles along the dashed lines indicated in the AFM images. 

We confirmed these observations by measuring quantitatively the volume of fibrillar aggregates 

formed at different time points under each condition (Figure 5.3). After 30 days of incubation, less 

fibrillar mass was formed under static and microgravity-Syr conditions in comparison to all other 
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incubation conditions. In both static conditions, i.e. irrespective of the presence or absence of an air-

water interface, we observed a similar speed of aggregation and similar amounts of fibrils formed 

(Figure 5.4). After 54 days of incubation, a similar volume of fibrillar aggregates was produced in all 

conditions (Figure 5.3). The data indicates that sedimentation has the capability to slower the aggre-

gation kinetics and that reduced sedimentation effects in a microgravity environment slightly in-

creases the speed of amyloid formation. Moreover, we observed that the amyloid fibrils formed in 

each condition showed a high degree of polymorphism (Figures 5.5 and 5.6). 

 
Figure 5.6 Polymorphism of mature amyloid fibrils produced in each condition. Statistical analysis of fibril morphology in 
each condition. The result shows that the dominating twisted fibrils was found in the static conditions, while homogeneous 
rod fibrils and fibril bundles were observed in the OShaking-Syr and OShaking-Epp conditions respectively. However, heter-
ogeneous fibrils, including rod fibril and twisted fibril, were revealed in the microgravity-Syr condition, and the coexistence 
of ribbon and twisted fibril was observed from microgravity-Epp condition. 

5.3.2 Correlation	of	CD	spectroscopy	and	ThT	fluorescence	to	characterize	aggregation	

CD spectroscopy was used to monitor the secondary structural transition from the disordered native 

form of monomeric a-synuclein to the amyloid cross-b sheet conformation. Random coil and cross-

b sheet show typical absorptions at 198 nm and 220 nm, respectively (Figure 5.1). In all the experi-

mental conditions studied in the present work, aliquots of the aggregation reaction were collected to 

acquire CD spectra as a function of the incubation time. The CD spectra recorded at a concentration 

of 45 µM are shown in Figure 5.7 left. For all the studied conditions, the gradual shift of the minimum 

of the CD spectrum at 198 nm to 220 nm indicated the formation of cross-β sheet conformation as a 

function of the incubation time. 

The ThT dye shows a specific fluorescence signal upon binding to cross-β sheet aggregates67,269, and 

can be used to monitor the aggregation kinetics of α-synuclein. We studied the aggregation process 

at the initial monomeric concentrations of 20, 30, 45, 55, 60 µM (Figure 5.7 and 5.8).  
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Figure 5.7 CD and ThT characterization of α-synuclein aggregation at 45 µM. For each experimental condition defined in 
Figure 1, we show as a function of the incubation time the CD spectra (Left), the ThT assay (Middle) and the correlation at 
each time point between ThT intensity and CD signal at 220 nm (Right). The dashed lines are the best linear fits to the 
scattering plots.  

 
In each condition defined in our work, we then quantitatively evaluated the propensity of a-synuclein 

to form cross-b sheet amyloid fibrils as a function of the incubation time by correlating at each time 

point the increase of ThT fluorescence versus the structural change measured at 220 nm260,270. In 

Figure 5.7 middle, the kinetic curves of aggregation in each condition at 45 µM are presented. A 

steeper curve indicates faster kinetics of aggregation. Then, in Figure 5.8 right, we show a plot of the 

intensity of ThT fluorescence versus the absolute value of CD intensity, where the slope of the linear 

fitting of the ThT vs. CD data was used to characterize the tendency to form cross-β sheet fibrillar 

protein (Figure 5.10a-b). 
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Figure 5.8 ThT assay of α-synuclein at different concentrations in each condition. The ThT fluorescence measurement of 
α-Synuclein of monomeric protein concentration of 20, 30, 55, 65 µM in the static-Epp, OShaking-Syr, OSaking-Epp condi-
tions. Another two assays were performed of initiating protein concentration of 30 and 65 µM in the microgravity-Syr and 
microgravity-Epp conditions. Only two measurements were performed in the microgravity condition due to the limited space 
on the rotating plate of the RPM system, since placing the sample away from the rotational center, would not allow to have 
average low gravity vector during the experiment255,266. 

The data indicated that the kinetics of aggregation and structural transition to fibrillar amyloid cross-

b sheet of a-synuclein in static (Static-Epp and Static-Syr) and microgravity-Syr conditions are sig-

nificantly slower than the kinetics of aggregation in the presence of strong hydrodynamic mixing and 

a moving (OShaking-Epp) and 3D rotating (microgravity-Epp) air-water interface. Aggregation of α-

synuclein under OShaking-Epp conditions showed intermediate kinetics of aggregation and cross-b 

sheet formation. The spectroscopic and kinetic data were in excellent agreement with the AFM quan-

tification of the volume of formed fibrillar aggregates as measured by AFM as a function of the 

incubation time (Figure 5.9). The described trends of relative aggregation rates were also reflected in 

the aggregation half-times 𝑡@ C⁄  measured in the ThT assays (Figure 5.10). Interestingly, reduced grav-

itational effects seemed to alter the concentration dependence of the relative overall aggregation rate 

as compared to ambient conditions. This indicated that the different experimental conditions tested 

influence the aggregation of α-synuclein in a complex manner, likely effecting more than one micro-

scopic step. 
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Figure 5.9 Global fitting of ThT assay and fitting results. (a-e) Global fitting of the ThT aggregation assay, and the global 
fitting results assuming that the tested experimental conditions mainly affected primary nucleation, secondary nucleation 
and elongation of α-synuclein aggregation, in the a) microgravity-Epp, b) OShaking-Epp, c) OShaking-Syr, d) microgravity-
Syr and e) Static-Epp experimental conditions. All curves of the ThT assays were fitted simultaneously, but they are plotted 
separately for each condition to improve clarity. (f) Rate of primary nucleation, secondary processes and elongation against 
tested experimental conditions.  
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5.3.3 Chemical	kinetics	analysis	

We have established that the different experimental conditions tested affect the overall rate of aggre-

gation of α-synuclein in distinct ways. To understand the origin of these effects, a chemical kinetics 

analysis was performed (Figure 5.9). The underlying principle of this analysis is to map the differ-

ences in the aggregation curves to changes in the rate constants of the individual microscopic steps. 

For α-synuclein, the reaction network of microscopic steps consists of primary nucleation, i.e. the 

spontaneous formation of new aggregates, growth or elongation of existing fibrils and secondary 

processes, in which existing aggregates facilitate the formation of additional fibrils70,271,272. The rate 

constants and rates of each microscopic step can be obtained from global fitting of a measurement of 

the aggregate concentration over time, as recorded in ThT assays, to an integrated rate law (see Meth-

ods section)71,273.  

 
Figure 5.10 Effects of environmental stimuli on a-Syn microscopic steps of aggregation. (a) Legend of the condition of 
incubation used in the present work. (b) Slope of the ThT vs, CD signal at 45 µM. (c) Correlation between formed fibril volume 
and the slope of CD vs. ThT measurements. (c) Volume of the fibrillar aggregates formed under incubation in each condition 
after 30 days (solid points) and 54 days (transparent points).  (d) A double logarithmic plot of the half time of aggregation 
versus initial protein concentration. (e)  Rates of primary nucleation (blue) and secondary (red) processes at 30 µM monomer 
concentration obtained from global fitting of the aggregation kinetics at the different conditions to an integrated rate law. 
(f) Schematic representation of the effect of hydrodynamic mixing and air-water interface on primary nucleation and sec-
ondary process during aggregation of α-synuclein. Primary nucleation is significantly increased in the presence of a moving 
air-water interface, whereas secondary processes are increased by rotating in the presence of an air-water interface or 
shaking.  
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In Figure 5.10e, the rates of primary nucleation, λ, and secondary processes, κ, are plotted against the 

tested experimental conditions. Sedimentation effects, as probed by the microgravity-Syr condition, 

did not significantly affect the rates of primary nucleation or secondary processes of α-synuclein as 

compared to the reference, static-Epp. We found that primary nucleation was significantly increased 

in the presence of a moving air-water interface (OShaking-Epp and microgravity-Epp). This result 

agrees with previous studies of the interactions between α-Syn aggregates and hydrophobic interfaces 

such as lipid membranes271,274. A plausible explanation is the  accumulation of monomeric proteins 

onto the  air-water interface due to interactions with hydrophobic protein domains251,275,276.  Second-

ary processes, on the other hand, were facilitated by rotating in the presence of an air-water interface 

or shaking. This indicates that agitation promotes secondary processes, but the accelerating effect 

differs with the agitation approach, i.e. with the type of the flow field and intensity240,244.  

5.4 Conclusion	
In summary, we present a comprehensive study that explores the influence of several environmental 

factors on α-synuclein aggregation, including microgravity-induced under-sedimentation, hydrody-

namic mixing and interactions of the air-water interface.  

Our results reveal that microgravity-induced under-sedimentation shows minor differences when 

compared to slow aggregation in static conditions, independent of the presence of a static air-water 

interface. Inhibition of sedimentation by microgravity results in only a slight promotion of aggrega-

tion and mature fibril formation, which is consistent with previous reports257,277,278, but it exhibits no 

significant difference on the rates of primary nucleation nor secondary processes. Hydrodynamic 

mixing highly promotes the formation of amyloid fibrils, both in the presence and absence of an air-

water interface. Under orbital shaking and in the absence of an air-water interface, the presence of 

hydrodynamic mixing increases the rate of secondary process during the aggregation, an effect that 

has been observed for other amyloid forming systems and was there attributed to increased fragmen-

tation279. In the presence of a moving air-water interface, a further increase of the rate of primary 

nucleation is observed, as shown in Figure 5.10e-f. This increased rate of primary nucleation may be 

a result of the interaction of monomeric proteins at the air-water interface. Overall, these observations 

enrich the understanding of the influence of environmental stimuli on the microscopic steps deter-

mining the phenomenon of a-synuclein amyloid formation. Environmental factors are not only criti-

cal in promoting fibril formation, but are of great importance for the comprehension of a-synuclein 

aggregation and amyloid formation, which is fundamental for attempting high-throughput assays and 

seeking pharmacological treatments for Parkinson’s disease. 
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Abstract. The phenomenon of amyloid polymorphism is known as one of the key features of protein 

aggregation. Unravelling the underlying mechanism of this phenomenon is critical for understanding 

pathways of pathological amyloid fibrillization that associated with various neurodegenerative dis-

eases, as well as the amyloid-based biomaterial and biotechnological applications. However, the 

origin of amyloid polymorphism and the interplay among the polymorphs are still elusive.  In this 

work, we established an unprecedented association between fibril polymorphism and the strength of 

environmental kinetics originating from hydrophobic air-water interface and hydrodynamic flow. Our 

results reveal that polymorphic fibrils, including twisted, helical and rod-like fibrils, were observed 

in the environmentally low-kinetic conditions, whereas homogeneous rod-like fibrils were generated 

under the high-kinetic condition. Remarkably, the transition from twisted and helical fibrils to rod-

like fibril by mediating the environmental kinetics shows that the evolutionary mechanism of amyloid 

polymorphs due to their difference on the free-energy map. These results may enrich our understand-

ing on the polymorphic origin of pathological fibrils, and also shine a light on the controlled manu-

facturing of homogeneous amyloids for biomaterial applications. 
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6.1 Introduction	
Pathological amyloid formation is a significant feature of a number of  neurodegenerative disorders 

such as Alzheimer’s and Parkinson’s diseases58,60,83. Moreover, functional amyloid fibrils, due to their 

exceptional mechanical properties, have been gaining increasing interests in biotechnological appli-

cations, such as biosensor, biomimetic material and drug delivery280,281,115. 

Amyloid polymorphism, referring to the diversity of fibril architectures such as twisted and rod-like 

fibrils, is a wide-spread phenomenon in the amyloid fibrillization both in vitro and in vivo78,93,94,96,282. 

Understanding the underlying mechanism of this phenomenon is of fundamental significance for 

studying both pathological and functional amyloid fibrillization pathways. For the former case, the 

pathological fibrils with various polymorphs in vivo90,94 has been proved to show distinct biological 

effects on living systems, e.g. prion strain and cytotoxicity 78,283. For the latter case, homogenous 

fibril with less diversity in mesoscale structure is crucial in their material performance85,93,95,282,284, 

e.g. mechanical properties. Environmental control is an efficient mediating tool in the biological sys-

tem285–287 and nevertheless, the knowledge of environmental controlling fibril morphological differ-

entiation is not enough. Protein aggregation kinetics can be varied by the environmental factors such 

as  pH235,288, ionic strength235,289, interfaces290, and agitation235. It was noted that fibril polymorphism is cor-

related with kinetic origin291 and the ionic strength237,282 and pH values284,288,292 exhibited the potential to 

control twisted fibril periodicity. Remarkably, the transition between heterogeneous fibrils during 

their self-fibrillization was observed93,96,97, indicating the interplay between distinct polymorphs. 

However, the underlying mechanism of polymorphic fibril formation and its correlation with envi-

ronmental factors remain unclear. 

In this work, we present the a-Synuclein (a-Syn) fibril polymorphism under the control of the 

strength of environmental kinetics, originated from air-water interface and hydrodynamic flow. Hy-

drophobic air-water interface247,293,294, as a typical hydrophobic-hydrophilic interface that includes 

lipid membrane241,295 and polymeric nanoparticles240, exhibits an adsorption effect on the protein as-

semblies247,251,294 and thus significantly impacts on the aggregation kinetics247,269, secondary-struc-

ture293,296 and morphology251, such as triggering primary nucleation240,297 and forming spontaneous 

curved fibrils251. On the other hand, hydrodynamic flow has been proved to influence the aggregation 

kinetics by promoting protein-protein interaction235,244 and secondary nucleation240,244,297, and this 

influence mainly depends on the strength and the types (shear or extensional) of the flow236,244,298. 

Remarkably, hydrodynamic and interfacial effects also show synergetic environmental impacts in 
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many physiological circumstances240,299,300 ranging from the bloodstream to cerebrovascular sys-

tem301,302. 

Our results reveal that the environmental kinetics is capable of varying fibrillization mechanisms and 

determining the polymorphism of fibril architectures. Low environmental kinetics may generate pol-

ymorphic fibrils, whereas high environmental kinetics could yield homogeneous rod-like fibrils. Re-

markably, we observed the order-order transition from heterogeneous fibrils to uniform rod-like fi-

brils by modulating the environmental kinetics, confirming that fibril polymorphs hold distinct free-

energy levels. These results might not only shine a light on understanding the origin of amyloid pol-

ymorphism in the physiological condition, but also open a window for controlling fibril polymor-

phism and for generating homogeneous fibrils for the functional material applications. 

6.2 Experimental	methods	

Sample preparation 

Full-length recombinant human a-Synuclein (AnaSpec, USA) was dissolved in buffer (50 mM Tris·HCl, 150 mM 

NaCl, pH 7.4) and filtered with 100 kDa filter. The concentration of a-Syn solution was measured by ultraviolet 

absorbance (Nanodrop 2000). An aliquot (1 mL) of a-Syn solution was sealed in five sterilized low protein binding 

wall syringes incubated in different conditions at a concentration of 30 µM at 37 °C. Three syringes were incubated 

with large, small and none bubble in the oscillating conditions, and another syringe with small bubble was statically 

incubated. In the cases of large and small bubbles, the volume ratio of the protein solution and air bubble in the L-

bubble and S-bubble conditions was maintained 2:1 and 4:1 respectively in the experiment. The size of air-water 

interface in the L-bubble conditions were roughly 2-3 times larger than that in the S-bubble conditions. 

Rotating bioreactor system 
The three oscillating syringes with different sizes of bubbles were incubated on the platform of an in-house devel-

oped random positioning machine (RPM) at 37 °C. The rotation of the platform was regulated by two independent 

motors in three dimensions, which enables the rotation in random direction. The samples were fixed at the center of 

the RPM machine. The rotation speed of RPM was considerately slow, approximately 5 rpm, to maintain a gentle 

bubble oscillation in the syringe.  

CFD simulation 
To quantify the hydrodynamics generated by bubble motion, we performed a computational fluid dynamics (CFD) 

simulation using the finite elements method. The oscillating bubble generates a hydrodynamic flow in the capillary 

and its flow field could be decomposed in two contributions: the strain rate and the shear rate (Figure 6.2), referring 

to the extensional flow and shearing flow field, respectively. In which, however, the strain rate (elongational) is 

known to be crucial for protein aggregation due to its ability of stretching protein molecules and to increase protein 
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kinetics compared with the shear rate244. In Figure 6.1b, the strain rate maximized, of the order of 10 s-1, at the rear 

and at the front side of bubble, due to an intermediate Reynolds number (Re=60) of the protein solution. Meanwhile, 

no significant difference of flow field and strain rate values were observed between the Oscillating L-bubble and 

the Oscillating S-bubble conditions (Figure 6.2). 

The CFD simulations were carried out by using the laminar flow module of the finite element method (FEM) solver 

Comsol (COMSOL Inc., MA, USA). To account for the flow created by the buoyancy-driven bubble oscillation in 

the experiments, we performed the simulation in the frame of the bubble. The dimensions of the capillary were 1 x 

16 cm while the height of the bubble was 7 mm. The no-slip boundary condition was applied to the walls of the 

capillary, and the interface of this air bubble was considered to be shear-free (full slip) as a reasonable assumption 

for air-liquid interfaces. A flow of constant flow rate  was injected from the left of the capillary, where is 

the capillary width and is the mean velocity of the flow. Here we took  to meet the velocity of bubble 

motion in the experiment, which corresponds to a Reynolds number: 

 

where  and  are the density and viscosity of protein solution respectively. We neglected the orientation varia-

tion of the oscillatory flow as the hydrodynamic flow can be represented in each cycle and the strain rate distributes 

mainly due to the expansion of the flow independent from bubble oscillation. Navier-Stokes equations were solved 

in bidimensional domain composed of 18433 mesh elements and 801 boundary elements (corresponding to 28854 

degrees of freedom solved). The simulations converged and doubling the number of mesh elements led to the same 

results. The shear rate ( ) and strain rate ( ) are defined in the following as 

, and . 

where and  respectively represent the velocity field component in the x and y direction. The shear rate is defined 

as the norm of the gradient of the hydrodynamic flow velocity in the direction normal to the streamline that indicates 

the shearing flow field. The strain rate is characterized by the norm of the gradient of the flow velocity in the 

direction parallel to the streamline that corresponds to the extensional flow field. This choice for the formula enabled 

to provide a close estimation of the force to which protein oligomers and aggregates are subjected. 

CD spectroscopy 

An aliquot of diluted a-Syn solution (15 µM) was analyzed at room temperature with a Jasco J-815 CD spectrometer 

in the range of 190-280 nm in each measurement. A high-quality quartz cuvette with an optical path length of 1.0 

mm was employed and spectra were collected with the resolution of 0.2 nm in continuous scanning mode. Further 

smoothing of spectra was processed with a Savitzky-Solay filter in OriginPro (OriginLab, MA, USA). 
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ThT Assay 
Fresh ThT solution was prepared from stock solution before each measurement at the ThT concentration of 100 µM. 

An aliquot of a-Syn solution was diluted by ThT solution and Milli-Q water to reach a final protein concentration 

of 3 µM and ThT concentration of 10 µM in every experiment. An aliquot of prepared a-Syn solution (70 µl) in 

each experiment was measured three times in a Bucher Analyst AD plate reader. ThT fluorescence reading was 

performed at an excitation wavelength of 450 nm and an emission wavelength of 485 nm. The signal of fluorescence 

intensity was fitted with a sigmoidal model according to: 

𝑦(𝑡) =
𝐴

1 + 𝑒?(q?qrs)/t
 

where A is the difference of fluorescence intensity between plateau and baseline on ThT curve, t is the incubation 

time, is the time at which the signal reaches half of the average value of the plateau and baseline and is the 

rate of fibril growth137,235,247. 

AFM measurement 

Aliquots of a-Syn solution (30 µM) were collected each time point and diluted to 10µM before each AFM meas-

urement. Freshly cleaved mica was functionalized by an aliquot (10 µl) of freshly prepared 1% (3-Aminopropyl) 

triethoxysilane (APTES) for 1.5 minutes, and then rinsed with Milli-Q water and dried using gentle air flux. Then, 

an aliquot (10 µl) of a-Syn solution was deposited on the mica for 4 minutes, followed by a smooth rinsing of Milli-

Q water and a gentle flow of nitrogen gas. AFM measurements were operated by Park NX10 AFM (Park Systems, 

South Korea) in the non-contact mode using NCHR cantilevers (Nanosensors, Switzerland), which processes a 

nominal spring constant of 42 N/m and a typical tip radius of less than 7 nm. A weak tip-sample interaction was 

applied during scanning by monitoring the scanning phase within a variation of 5° for accurate scanning. AFM 

images were simply flattened using XEI software (Park Systems, South Korea) in the first order to minimize the 

potential defects. 

AFM statistical analysis 
The statistical analysis of flattened AFM images was carried out using the DNA-trace software developed before303. 

The profile of amyloid fibrils was traced along amyloid fibrils by selecting the maximal height point in every cross-

section. The statistical determination of the fibril length was obtained by measuring the contour length of each fibril. 

However, the average height and smoothness was recorded by retracing each fibril by avoiding the overlapping 

regions. The average height was calculated by averaging the height value of all points along fibril profile and 

smoothness was measured by counting 80% of the variation of all height values vs. the average height. 

QI-AFM imaging 
QI-AFM imaging was performed by using JPK Nanowizard III microscope (Bruker, USA) with a high-sensitivity 

cantilever (PPP-CONTSCAuD, Nanosensors) with a nominal spring constant of 0.2 N/m and a typical tip radius of 

less than 7 nm. The spring constant and deflection sensitivity of used cantilever were calibrated before each meas-

urement. All acquired images had size of 5 × 5 µm2 and we used the Quantitative imaging (QITM) mode with a 

50t 1 t
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resolution of 256 × 256 pixels. Each force-distance (FD) curve was recorded as a single pixel in the QI-AFM image. 

The data acquisition rate was 50,000 Hz and the maximum force was set to 10 nN with an indentation length of 500 

nm. A complete FD curve (extension and retraction) was recorded in 10 ms. At least five QI-AFM images were 

collected for each sample for a total of 327’680 FD curves. Image processing was carried out using the JPK Data 

Processing software (Bruker, USA). The force curve batch was processed with the following steps: calibration of 

spring constant and deflection sensitivity, correction of baseline offset and tilt, determination of contact point, and 

elasticity fitting. The Young’s modulus is determined by fitting extend FD curve to avoid the influence of plastic 

deformation, with an assumption of Derjaguin-Müller-Toporov (DMT) model and sphere tip shape. A Poisson ratio 

of 0.3 was used in the calculation as a reasonable assumption for amyloid fibrils304,305.  

A threshold filter of Matlab (MathWorks Inc., CA, USA) script was developed to allow us to precisely evaluate the 

image and distinguish amyloid fibrils from substrate background. Further calculation and statistical analysis were 

realized in OriginPro (OriginLab Corporation, MA, USA).  

6.3 Results	

6.3.1 Experimental	setup	and	hydrodynamics	simulation	

The study of a-Syn aggregation with the synergetic influence of hydrodynamic flow and air-water 

interface was performed by controlling the motion of the air bubble in the syringes sealed with the 

protein solution (Figure 6.1a-b). In the hydrodynamic case, the protein incubation was carried out in 

a random positioning machine (RPM)255,268,306 bioreactor that allows a gentle reciprocating motion of the 

bubble in the syringe (see Methods). Three syringes of a-Syn solution at 30µM were prepared with 

different bubble sizes: large bubble (Oscillating L-bubble), small bubble (Oscillating S-bubble) and 

no bubble (Oscillating non-bubble), as shown in Figure 6.1c. The volume ratio of liquid-bubble in 

the large and small bubble conditions were maintained 2:1 and 4:1 respectively. Besides, another 

syringe with a small bubble in the static condition (Static S-bubble) was incubated. 

In the hydrodynamic cases, the gentle reciprocating movement of the bubble (Figure 6.1a) leaded to 

a combined environmental kinetics originated from interface and hydrodynamic flow. To quantify 

the hydrodynamic effect, we performed a computational fluid dynamics (CFD) simulation (Figure 

6.1b and Methods), indicating two main hydrodynamic contributions: the strain rate and the shear 

rate (Figure 6.2) that refer to the elongational flow and shearing flow field, respectively. This result 

showed that no significant difference of flow field and strain rate values were observed between Os-

cillating L-bubble and Oscillating S-bubble conditions (Figure 6.2), but only a slight difference in the 

shearing flow field. Therefore, in addition to a slight hydrodynamic difference, the main difference 

between in the Oscillating L-bubble and Oscillating S-bubble conditions was the interfacial effect, 
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where the volume of the air bubble in the former case was maintained twice larger than that of later 

case in this experiment. 

By contrast, the protein solution in the Oscillating non-bubble condition suffered no air-water inter-

face but a much lower magnitude of hydrodynamics generated by dissolved microbubbles307,308 and 

insoluble protein aggregates. Besides, the protein solution in the static condition (Static S-bubble) 

was only exposed to the air-water interfacial effect. 

 
Figure 6.1 Experimental setup and CD measurement. (a) Schematics of the oscillating bubble in the syringe of protein 
solution at the concentration of 30µM that exposed to both hydrodynamic and interfacial effects. (b) CFD simulation of 
Oscillating S-bubble condition shows the hydrodynamic flow, shear and strain rate distribution. (c) The schematics of exper-
imental setup in the oscillating and static conditions.  (e-g) Evolution of CD spectra under the Oscillating L-bubble (c), Oscil-
lating S-bubble (d), Oscillating non-bubble (e) and Static S-bubble (f) conditions. (h) CD signal difference between α-helix 
and β-sheet after 0 and 70 days incubation. (i) Correlation of the CD and ThT fluorescence measurement on the protein 
aggregation. 
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Figure 6.2 Hydrodynamics of the conditions with different sizes of bubble. Comparison of the hydrodynamic flow in the 
protein solution generated by two different sizes of the bubble in the strong hydrodynamic conditions (oscillating L-bubble 
(left) and oscillating S-bubble (right)) by using CFD analysis. This numerical simulation enables to obtain the velocity mag-
nitude and streamlines of hydrodynamic flow (top), as well as the shear rate (middle) and strain rate (bottom) in the capil-
lary. This CFD simulation suggests that no major difference exists in terms of strain rate comparing the long and short 
bubbles, but only slight difference lies in the shearing flow field. 

6.3.2 Conversion	of	secondary	structure	of	a-Syn	aggregates	

The structural evolution of a-Syn aggregates was investigated by circular dichroism (CD) spectros-

copy that fingerprints the features of their secondary structures, such as random coil, a-helix and β-

sheet. In this experiment, prior to incubation, a-Syn showed a characteristic absorption at 199 nm, 

indicating an intrinsically disordered random-coil structure.  

In Oscillating L-bubble condition (Figure 6.1d), the absorption dips on the spectrum showed an im-

mediate disappearance at 199 nm and a rapid drop at 218 nm, suggesting a quick conversion from 

random coil to β-sheet conformation. The aggregates formed substantial β-sheet–rich content only 

after 6 days. Similarly, the structural transition in Oscillating S-bubble (Figure 6.1e) condition 

showed an analogous but slightly slower trend, exhibiting a steady transition from random coil to β-

sheet that showed with a strong absorption at 218 nm.  

By contrast, the spectral variations in the Oscillating non-bubble (Figure 6.1f) and Static S-bubble 

(Figure 6.1g) conditions were obviously slower. A gradual and steady increase at 199 nm and a slight 

decrease at 218 nm were simultaneously observed on the evolution of the absorption spectra. The 

final spectra showed dual absorption peaks indicating co-existence of helical and β-sheet confor-

mations.  
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The CD results show that the secondary structural transition from random coil to β-sheet in the con-

ditions with hydrodynamic agitation and bubble are considerably rapid and enormous after 70 days 

incubation (Figure 6.1h), while the conversion in the weaker hydrodynamic condition and the static-

bubble condition exhibit a slower trend. These results were confirmed by Thioflavin T (ThT) fluo-

rescence assay that shows ThT signals reached final plateau after only 25 days in the Oscillating L/S-

bubble conditions and after 50 days in the Oscillating non-bubble and static S-bubble conditions (Fig-

ure 6.3). The correlation of the intensity of ThT fluorescence versus the CD intensity (Figure 6.1i) 

indicates this agreement and verifies the tendency of forming cross-β sheet-rich aggregates in each 

condition. 

6.3.3 Aggregation	kinetics	of	a-Syn	fibrillization.		

The a-Syn aggregation kinetics was characterized by Thioflavin T (ThT) fluorescence assay, where 

ThT signal typically shows a sigmoidal curve as a function of time with three steps of fibrillization 

that describes aggregation kinetics67,269. The result of ThT measurement are shown in Figure 6.3, and 

half-time ( ) and growth rate ( ) of fibril formation were obtained by using sigmoidal equa-

tion137,235,247 (see Methods section) from the fitted ThT curves. 

ThT curves in the Oscillating L-bubble and Oscillating S-bubble conditions exhibited an exponential 

increase immediately after incubation. This might be attributed to positive feedback from secondary 

nucleation and fragmentation due to the hydrodynamic flow137,235,240,309,310. The ThT signals reached 

final plateau after only 25 days with a short half-time (10 d) and a fast growth rate (0.22 d-1). The 

main differences between the Oscillating L-bubble and the Oscillating S-bubble conditions are the 

slightly higher aggregation kinetics and the final ThT intensity at equilibrium phase in Oscillating L-

bubble condition. By contrast, the Oscillating non-bubble and Static S-bubble conditions exhibited 

slower aggregation kinetics. After longer lag phases, the ThT signals gradually rose with a medium 

rate (0.07 d-1) reaching the plateau after 50 days.  

The ThT study on a-Syn aggregation kinetics is in good agreement with the CD measurements. These 

results show how the environmental kinetics influences a-Syn aggregation. Notably, the Oscillating 

L-bubble and Oscillating S-bubble conditions clearly exhibited the highest environmental effect on 

protein aggregation, which show a much less impact In the Oscillating non-bubble and Static S-bub-

ble conditions.  

50t 1 t
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Figure 6.3 The α-Synuclein aggregation kinetics revealed by ThT fluorescence assay. (a) ThT fluorescence curves of α-
Synuclein solution incubated under the conditions of oscillating L-bubble (red), oscillating S-bubble (blue), oscillating non-
bubble (magenta), static non-bubble (purple) and static S-bubble (black) at the initial monomeric concentration of 30µM. 
(b) Half-time (𝑡uf) and fibril growth rate (1/𝜏) are obtained from the fitted ThT data. It is clearly showed that under oscil-
lating L/S-bubble conditions the α-Syn aggregation kinetics is faster than that of the oscillating non-bubble and static S-
bubble conditions. 

6.3.4 The	nanoscale	characterization	of	polymorphic	amyloid	fibrils	

Investigating amyloid fibril morphology is of great importance due to its significance in the both 

pathological and functional applications. The amyloid fibrillar architectures may suggest the under-

lying association between the multiple aggregation pathways and amyloid polymorphism. This mor-

phological differentiation had been proved to be critical  in the biological and material applications, 

such as cytotoxicity78,283 and mechanical properties311.  

In this experiment, we employed atomic force microscopy (AFM) to assess morphological features 

of amyloid fibrils at single-aggregate level. Prior to incubation, a-Syn protein were detected as ho-

mogeneous monomers and oligomers. As incubating, both early fibril in the growing time and mature 

fibrils in each condition were presented in Figure 6.4a-d. On the AFM topographic maps, several 

representative morphological features of mature fibrils were extracted, including fibril smoothness, 

flexibility and Young’s modulus, as plotted in Figure 6.4f-h More morphological properties, e.g. 

length and average height, are shown in Figure 6.5. Fibril smoothness describes the surface roughness 

of fibril. Fibril flexibility, characterized by the ratio between the contour length 𝑠 and end-to-end 

length 𝑙8 (𝑠/𝑙8), correlates with the protofilament configuration of the mature fibril and nanomechan-

ical properties136,312,313. A lower value of flexibility indicates a rigid fibril, while a large value corresponds 

to a soft and flexible fibril. The Young’s modulus of mature fibril indicating the mechanical properties 

of fibrils, were measured by performing AFM nanoindentation measurement (Figure 6.6). 
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Figure 6.4 AFM images and statistical analysis on the amyloid fibril features. (a-d) AFM images of growing aggregates 
and mature fibrils from each condition. (e-g) Statistical investigation on the morphological and mechanical properties of 
fibrils, including roughness (e), flexibility (f) and Young’s modulus (g). 

In the Oscillating L-bubble condition (Figure 6.4 and red plots in Figure 6.4e-g), early fibrils were 

found only after 6 days, while abundant mature fibrils with a relatively long shape were obtained after 

30d incubation. Similarly, the Oscillating S-bubble condition (Figure 6.4b and blue plots in Figure 

6.4f-i) promoted the similar trend of fibril formation and plenty of mature fibrils were detected after 

30 days incubation. Interestingly, the morphology of mature fibrils yielded in these high-hydrody-

namic conditions are relatively comparable, maintaining similar thickness and length (9 nm and 0.5 

µm respectively, Figure 6.5), as well as a low flexibility and a low roughness (Figure 6.4e-f). This 

high smoothness is due to the mature fibril profile, exhibiting a homogeneous rod-like shape (Figures 

7a-b and 7e-f) in both Oscillating L-bubble and Oscillating S-bubble conditions. 
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Figure 6.5 The fibril height and length distribution. The statistics of the length (a) and the average height (b) of mature 
amyloid fibrils yielded in the Oscillating L-bubble, Oscillating S-bubble, Oscillating non-bubble and Static S-bubble conditions. 

In the Oscillating non-bubble condition (Figure 6.4c and magenta plots in Figure 6.4e-g), the process 

of fibril formation was significant slower. Early and mature fibrils were detected with 30 and 55 days 

incubation respectively. It is noticeable that these mature fibrils were highly rough and rigid (Figure 

6.4e-f), with relatively short profile and uniform average height (Figure 6.5). Remarkably, the 

polymorphic fibrils in the Oscillating non-bubble condition were found, including rod-like78,95, and 

twisted and helical85,95 fibrils (Figure 6.7c and 6.7g).  

By contrast, the Static S-bubble condition (Figure 6.4d and purple plots in Figure 6.4e-g) promoted 

the formation of seed-like protofibrils in the initiating phase, which then evolved into fibrils with a 

high roughness and flexibility. The average height of fibrils shows two clustering groups, peaking at 

3.1 and 5.2 nm (Figure 6.5), refer to single protofilament and double stranded mature fibril respec-

tively78,314.  

The QI-AFM images of the Young’s modulus of the amyloid fibrils are presented in Figure 6.6. Con-

trary to fibril flexibility (Figure 6.4f) that depends on the intrinsically configurational property in the 

fibril axial direction, fibril nanomechanical property is associated with their inter-protofilaments ar-

rangements in the perpendicular to fibril axis. The nanomechanical property is characterized by 

Young’s modulus (E), which normally gives values in the range of GPa with the AFM nano-indenta-

tion techniques120,141,315,316. In order to better evaluate the fibril stiffness, we applied a threshold filter 

on QI-AFM images (Figure 6.6 a2-d2) to distinguish two separated normal distributions: one for 

amyloid fibrils and the other for the substrate (Figure 6.6 a3-d3). As shown, the Young’s modulus for 
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the measured substrates in each condition were around 3.2 GPa (Figure 6.6e), indicating the reliability 

of the nanomechanical measurement. The Young’s moduli of homogeneous rod-like fibrils from the 

oscillating L-bubble and the Oscillating S-bubble conditions exhibited comparable values around 2.5 

GPa, close to the heterogeneous fibrils from oscillating non-bubble conditions. However, this value 

for polymorphic fibrils obtained in static S-bubble condition rises to 2.58 GPa with no significant 

variation. These results confirm that both hydrodynamic flows and hydrophobic effect can yield slight 

effect on the mechanical properties of the formed amyloid fibrils. 

 

Figure 6.6 Nanomechanical properties of amyloid fibrils under each condition. (a1-d1) Representative QI-AFM images of 
amyloid fibrils from the oscillating L-bubble, oscillating S-bubble, oscillating non-bubble and static S-bubble conditions, re-
spectively. (a2-d2) The threshold filter designed to distinguish fibrils and substrate on each QI-AFM image. (a3-d3) The nor-
mal distribution of the Young’s modulus value of the fibrils and the substrate on each QI-AFM image and Gaussian fitting 
of each histogram to extracting the average Young’s modulus of both fibril and substrate. (e) Statistical diagram of Young’s 
modulus of both fibril (right) and substrate (left) from multiple QI-AFM images in each experimental condition. 
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Figure 6.7 Fibril polymorphism and its correlation with environmental kinetics. (a-h) AFM images of homogeneous rod-
like fibrils formed in the Oscillating L-bubble (a) and Oscillating L-bubble (b) conditions, with typical rod-like fibril (e, f) in 
each condition. AFM images of polymorphic fibrils yielded in the Oscillating non-bubble (c) and Static S-bubble (d) conditions 
with representative twisted, helical and rod-like fibrils (g, h) in each condition. (e) The statistics on the amyloid polymor-
phism in each condition. (f) The environmental kinetics map, composed by contribution of hydrodynamic flow and interface, 
indicates the correlation between fibril polymorphism and environmental kinetics.  

Then, we performed the statistical investigation on amyloid fibril polymorphism (Figure 6.7i), con-

firming that the Oscillating L/S-bubble conditions promoted the formation homogeneous rod-like 

fibril while the Oscillating non-bubble and Static S-bubble conditions generated the coexistence of 

rod-like, helical and twisted fibrils. This agrees the observation on the AFM images (Figure 6.7a-h), 

as well as the statistical roughness measurement (Figure 6.4e) due to the difference in the roughness 
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between rod-like and periodically fluctuated fibrils. The nanoindentation measurements shows that 

Young’s modulus of these fibrils is in the range of GPa (Figures 6.4g and 6.6), indicating that these 

fibrils are mature fibril, in agreement with the result of the ThT assay (Figure 6.3).  

According to the environmental kinetics in each condition, it is interesting to note that the conditions 

with high environmental kinetics generated homogeneous rod-like fibril, while the conditions with a 

weak kinetics, either oscillation or interface, could lead to polymorphic fibrils. This result agrees with 

previous optical microscopic observation in the microfluidic study317. Thus, a possible interpretation 

for the origin of the amyloid polymorphic phenomenon in each condition is the environmental 

kinetics. Since the multiple pathways of protein aggregation provide the possibility of forming 

heterogeneous configurations of amyloid fibrils, the enviromental kinetics could be one of the 

potential approaches to control the aggregation pathways237,282,284,291. In this experiment, the 

environmental kinetics in the Oscillating non-bubble and the Static S-bubble condition, due to the 

hydrodynamics and interfacial effect respectively, were relatively weak, as shown on the 

environmental kinetics map (Figure 6.7j). This weak kinetics allows multiple fibrillization pathways 

and thus yields polymorphic fibrils, including twisted, heical and rod-like fibrils. Nevertheless, the 

overwhelming environmental kinetics in the Oscillating L-bubble and Oscillating S-bubble 

conditions were considerably high that occupy a high dynamic level, leading to the formation of 

homogeneous rod-like fibrils. 

6.3.5 Order-order	transition	among	fibril	polymorphs	

To verify the hypothesized correlation between environmental kinetics and fibril polymorphism, we 

employed the protein solution with heterogeneous mature fibrils, obtained after 70 days incubation 

in the Oscillating non-bubble condition, and further incubated the solution in the Oscillating S-bubble 

condition, as shown in Figure 6.8a. This approach was to enhance the environmental kinetics of pro-

tein solution from low to high kinetics (Figure 6.8b). As seen, prior to the further incubation, we 

observed the coexistence of twisted and rod-like fibrils, which were confirmed as mature fibrils due 

to its ThT signal was in the plateau phase (Figure 6.3). However, after 5 days in the Oscillating S-

bubble condition, we noted a clear morphological transition to homogeneous rod-like fibrils on the 

AFM image, as well as statistical investigation (Figure 6.8c).  

Thus, we verified that the fibril polymorphism is associated with environmental kinetics. This envi-

ronmental kinetics is crucial for the generation of polymorphic or homogeneous fibrils in this exper-

iment. Lower environmental kinetics allows multiple aggregation pathways and morphological dif-
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ferentiation of amyloid fibrils. Higher environmental kinetics condition may also allow multiple ag-

gregation pathways but the high-kinetics could enable the transition from twisted and helical fibril to 

rod-like fibril, from polymorphic fibrils to homogenous fibrils (Figure 6.8d). These results also con-

firm that the strength of environmental kinetics could be one of the key factors to modulate the amy-

loid fibril polymorphism.  

 

Figure 6.8 Order-order transition of amyloid fibril by enhancing environmental kinetics. (a) The protein solution incubated 
70 days in the Oscillating non-bubble condition, was further incubated for 5 days in the Oscillating S-bubble condition. AFM 
images of amyloid fibrils before and after the further incubation. (b-c) The variation of the environmental kinetics (b) and 
the statistical transition on fibril polymorphs (c) before and after the further incubation. (e) Schematics of the morphological 
transition from polymorphic fibrils to homogeneous rod-like fibril. (f) Funnel-like energy landscape of the amyloid poly-
morphs in this experiment. 

From an energetic point of view, the environmental kinetics depended transition from twisted fibril 

to rod-like fibril suggests that, fibrils polymorphs in this experiment may hold unique levels of free 

energy and structural stability, as shown energy landscape in Figure 6.8e. The twisted and helical 
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fibril is the metastable and transformable species that possess a relatively low level on the energy 

landscape that could transit to other forms under the environmental-kinetic control291. This transition 

is confirmed by the observation on the uncontrolled fibril evolution93,96,318,319. In this experiment, rod-

like fibrils formed under high-dynamic condition are the most thermodynamically stable form with a 

free-energy minimum96,97,99,311,318.  

 

Figure 6.9 The formation multi-stranded ribbon in the experiment. AFM images (a) and height profiles (b) of illustrated 
examples of multi-stranded ribbon obtained under the high-kinetic conditions with long-time incubation. (c-d) The 3D-AFM 
images (c) and schemes (d) of the fibrils vividly show parallel-packing arrangements and the number of rod-like fibril in the 
multi-stranded ribbon. (e) The schematics to show the possible transition from rod-like fibril to multi-stranded ribbon.  
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In addition, the parallel stacked rod-like fibril, termed multi-stranded ribbon, were observed occa-

sionally in the high environmental-kinetic conditions with long-term incubation. As seen in Figure 

6.9, the height profile and 3D images of the illustrated multi-stranded ribbon clearly shows the par-

allel-stacking scheme of multiple rod-like fibrils. Since it was obtained with long-term and high-

kinetic incubation, despite of the rare observation, we hypothesize this multi-stranded ribbon may 

hold the similar or even lower free energy level compared to rod-like fibril93. However, there is not 

enough evidence to support it in this experiment, but it could be an interesting topic to target in the 

future. 

6.4 Conclusion	
In summary, our experimental results underline the correlation between fibril polymorphism and the 

environmental kinetics which is the combination of hydrophobic interface and hydrodynamic flow in 

this experiment. On one hand, depending on the strength of environmental kinetics, we observed that 

polymorphic fibrils were formed in the low environmental-kinetic conditions, while homogeneous 

rod-like fibrils were yielded in the high environmental-kinetic conditions. On the other hand, the 

environmental control allows the transition from polymorphic fibrils to homogeneous fibrils, from 

twisted and helical fibrils to rod-like fibrils. Correspondingly, it is clear that the fibril polymorphs 

hold distinct levels on the energy landscape. Twisted fibrils are metastable fibrils could transit to 

other energetic-favorable forms with lower free energy level, whereas rod-like fibril maintains the 

most thermodynamicaly stable configuration in this experiment.  

We believe that these results could contribute to a better understanding on fibril polymorphism phe-

nomenon, including the mechanism of polymorphic fibril formation, the influence of environmental 

factors and the evolution of fibril polymorphs, to appreciate the pathological origin of a-Syn related 

diseases. Remarkably, on the other hand, the transition from fibril polymorphism to homogeneity by 

mediating environmental kinetics indicates the unprecedented environmental control on amyloid pol-

ymorphs. This shows a great potential in forming homogeneous amyloid-based functional biomateri-

als, as well as developing the wide applications in the biotechnological and biomedical fields. 
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 Interprotofilament	interaction	
and	configurational	identification	of	hierarchi-
cally	twisted	amyloid	fibrils		
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Abstract. Amyloids are insoluble fibrillar aggregates of proteins that are considered to be an im-

portant pathological hallmark of various neurodegenerative diseases57,58,320. The diversity of aggre-

gation pathways drives the interaction among heterogeneous protein particles, such as monomers and 

protofibrils, and leads to the formation of polymorphic fibrils60,93,137. However, the underlying the 

interactions between individual protofilaments and protofibrils is rarely discussed and their role in 

forming mature fibril remains poorly understood. Here, we investigated the significance of interpro-

tofilament interactions in the fibrillization process and their impacts on the fibrillization mechanisms 

of twisted fibrils with hierarchical polymorphic configurations. By means of atomic force microscopy 

(AFM) with Ångström-level vertical resolution and comprehensive statistical analysis, we identified 

the packing arrangement of multi-protofilaments bricked fibrils, including twisted-ribbon and ran-

dom-twisted fibrils, as a result of parallel-packing and random-intertwining model respectively. Our 

experiments provide evidence of novel mechanisms of amyloid fibrillization driven by random-inter-

twining of protofilaments, allowing the quantitative evaluation the role of intermolecular protofila-

ments interactions on aggregation pathways and fibrillization configurations. This study advances the 

fundamental understanding of fibrillization mechanisms, from protofilaments to higher-ordered ma-

ture fibrils, and enriches the multifaceted set of protein aggregation pathways. 
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7.1 Introduction	
Pathological amyloid formation is associated with many neurodegenerative diseases, such as Alz-

heimer’s and Parkinson’s diseases57,58,320. Hence, understanding their complex aggregation mecha-

nisms is of fundamental significance for exploring for both pathological and functional roles of am-

yloid fibrils. Interactions between amyloidogenic proteins are fundamental in the formation of the 

aberrant fibrillar aggregates. In the initiating phase, the monomers undergo structural rearrangements 

and aggregate into oligomers. Then, the misfolded oligomeric and monomeric building blocks form 

linear β-sheet-rich protofilaments that stabilize by a dense network of H-bonds60,79,321 in the elonga-

tion phase. Meanwhile, secondary mechanisms, such as fragmentation, secondary nucleation and in-

ter-fibril interactions, play a critical role in determining the aggregation kinetics and fibrillization 

mechanisms. This eventually results in a wide diversity of fibril morphologies, such as 

twisted95,99,136,322,323, helical85,95 and crystal-like fibrils85,95,323. However, the inter-protofilament inter-

action, referring to the intermolecular reaction between protofilaments and protofilaments-based pro-

tofibrils, to form higher-ordered mature fibrils, is rarely discussed and its role in the fibrillization 

mechanisms remains unclear. 

In this work, we investigated the fibrillization of full-length insulin as a representative model324,240,70 

to explore the impact of interprotofilament interaction on the fibrillization mechanisms and to reveal 

the protofilament packing configurations of the polymorphic twisted fibrils. We performed high res-

olution atomic force microscopy (AFM) to monitor the morphological evolution of fibrillar aggre-

gates and developed novel statistical analysis which successfully classified hierarchically twisted fi-

brils and identified their multi-stranded configurations. AFM is a powerful technique for studying 

amyloid fibrils because of its precision in morphological characterization of individual aggregates at 

nanoscale and because of its ability of quantitatively evaluating heterogeneous aggregates during their 

evolution process85,96,136,318,325,326. However, AFM tip convolution effects largely limit its horizontal 

resolution, and thus hampering a precise description of fibrils with nanometer-sized diameters. This 

difficulty is here surpassed by taking advantage of the high AFM vertical resolution (2 Å) in conjunc-

tion with comprehensive statistical analytics, which enabled unraveling the configurational features 

of multi-stranded twisted fibrils. Further observation revealed two types of protofilament packing 

arrangement, corresponding to twisted-ribbon and random-twisted fibrils. These results highlight the 

influence of interprotofilament interactions in the fibrillization process, and bridges the gap of the 

mechanisms for amyloid evolution, from single protofilaments to mature twisted fibrils. 
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7.2 Experimental	methods	

Preparation of insulin fibrils. 
Full-length bovine insulin (Sigma Aldrich, Dorset, UK) was obtained from bovine pancreas, and all other chemicals were 

from Sigma Aldrich. Insulin powder was dissolved in the salt-free buffer (pH 1.6, 25 mM HCl) to 2 mM as fresh stock 

solutions. The formation of twisted fibrils was highly reproducible in this acidic environment without strong ionic strength. 

Before each experiment, the stock solution was agitated for 2 min and then purified with 0.22 µm filter. Then the stock 

solutions were diluted to a concentration of 200 µM. After centrifuging (Microcon I8 centrifuge) at 4 °C with 100 kDa 

centrifugal filter at 12k r.p.m. for 5 min, the protein concentration was averaged from three measurements by UV absorp-

tion (Nanodrop 2000 spectrophotometer) at 280 nm using an extinction coefficient of 1 for 1.0 mg/ml. All the processes 

above were performed at 4 °C. The insulin solution was incubated at 70 °C and immediately diluted after each sample 

collection. An aliquot solution (30 µL) was diluted 10 times with buffer solution and stored at 4 °C, to minimize unex-

pected protein assembly. 

Atomic force microscope (AFM) measurements.  
An aliquot (10µL) of freshly incubated solution (10 µM) was deposit on the freshly cleaved bare mica for 4 min. Due to 

surface charge, these insulin aggregates can easily attach with negatively charged mica. Then, the mica was rinsed by 

500µL Mili-Q water. After fast removing the droplet subtly by kimwipes, the mica was quickly dried by a gentle flow of 

nitrogen gas under ambient condition to avoid introducing morphological turbulence during deposition. Further drying 

was done by leaving sample in the vacuum desiccator.  

AFM images were scanned by NX-10 Atomic Force Microscopy (Park Systems, South Korea) using the non-contact 

Amplitude Modulation (NC-AM) in ambient condition. The AFM images with the resolution of 1024 × 1204 pixels were 

scanned by using the non-contact cantilevers (PPP-NCHR, Park) with resonance frequency of 330 kHz and force constant 

of 42 N/m.  Knowing that an appropriate controlling of cantilever plays a key role in the statistical analysis of each AFM 

height measurement, a weak tip-sample interaction is carefully achieved by monitoring AFM phase images in the negative 

range with an amplitude less than ±5°. AFM images were flattened by XEI software (Park System, South Korea). To 

avoid artifacts induced in flattening and to compare data between different measurements, every AFM image was flat-

tened by plane in first order. The reliability of AFM scanning was monitored by controlling the roughness of mica surface 

less than 0.2 nm.   

Statistical analysis.  
The flattened AFM images were analyzed with DNA trace software. This allows to trace the height profile of the ridge 

of amyloid fibrils along their contour length, by either extracting the maximum point or using Gaussian fit in each cross-

section of the amyloid fibril. To normalize the extracted data, a constant sampling step of 1 nm was used in each extraction 

of height profiles. To avoid artifacts and average the statistical data, we only take the fibrils with minimal length of 150 

nm into account while cross section between fibrils were strictly excluded. The features including the height value and 

position of peaks and dips on the fluctuated height profile were extracted, to normalize the average height, maximal and 

minimal height, amplitude and periodicity.  
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CD spectroscopy.  

An aliquot (70 µL) of insulin solution at the initiating monomeric concentration of 30 µM was analyzed at room temper-

ature with a Jasco J-815 CD spectrometer. A high-quality quartz cuvette with an optical path length of 1.0 mm was used 

and spectra were collected with a step 0.2 nm in continuous scanning mode in the range of 190-280 nm in each measure-

ment. The spectra were smoothed with a Savitzky-Solay filter in Origin. 

ThT Assay.  
An aliquot of insulin solution was diluted by freshly prepared ThT solution to reach a final initiating protein concentration 

of 3 µM and ThT concentration of 10 µM in every experiment. An aliquot of diluted insulin solution (70 µl) in each 

experiment was measured three times in a Bucher Analyst AD plate reader and ThT fluorescence reading was performed 

at an excitation wavelength of 450 nm and an emission wavelength of 485 nm. The signal of fluorescence intensity was 

fitted with a sigmoidal model. 

Infrared nanospectroscopy. 
An aliquot (5 µl) of diluted insulin solution (20 µl) was deposited on hydrophobic ZnSe monocrystal prism at the room 

temperature and was dried by evaporation in the vacuum desiccator overnight to form monolayer of insulin aggregates 

on ZnSe surface. The freshly prepared sample were measured by nanoIR system (Anasys Instruments Inc., USA) that 

combines AFM and infrared spectroscopy measurements13,40 and enables chemical analysis in nanoscale. A soft cantilever 

(EX-C450, Anasys) with spring constant of 0.2 N/m was used and the spectra were collected with a sampling rate of 1 

cm-1 and 128 co-average in the rage of 1200-1800 cm-1 and further nominalization were realized in Analysis Studio 

(Analysis). The analysis of secondary structural composition in the amide I (1600-1700 cm-1) were performed in Origin 

according to the correlations between protein structures and Amide I frequency indicated before197. The spectra were 

processed according to previous methods40, and sub-bands in the Amide I region (1600-1700 cm-1) were revealed by 

multiple Gaussian fitting197, including helical and turn-like (1648-1685 cm-1) structure, β-sheet and antiparallel β-sheet 

(1610-1640 and 1685-1695 cm-1) structure and random coil (1640-1650 cm-1) structure. 

Theoretical modelling of fibril morphologies.  
The morphologies of randomly-twisted fibrils were modeled via the Hierarchical Assembly Model (HAM), as described 

in the main text. For each fibril, the composing protofilaments and protofibrils were modeled as intertwining tubular 

objects with constant diameters. In the case of protofilaments, the diameter was set as 𝑏 = 1.2 nm, while for protofibrils 

the enveloping tube was considered, corresponding to a diameter equal to 𝑛 ⋅ 𝑏, where 𝑛 is the number of protofilaments 

within the protofibril. As mentioned in the main text, a better agreement with experimental data is achieved by assuming 

increased diameters for protofibrils involved in the formation of larger fibrils. This was done in practice by setting the 

diameter to 𝑛 ⋅ 𝑏 + 𝑑ℎ: . The value of 𝑑ℎ: was set to 0.84 nm, 1.76 nm and 2.5 nm for 𝑛 = 3,4,5 respectively; for 𝑛 =

1,2 no increase was considered. The intertwining of two protofilaments/protofibrils was implemented by imposing that 

the corresponding tubular axes follow a helix described by  

																																				|𝑥, 𝑅: ⋅ cos �
C��
4
+ 𝜙f� , 𝑅: ⋅ sin	 �

C��
4
+ 𝜙f��                                                    (S1) 
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where 𝑅: and 𝑝 are the radius and periodicity of the helix, respectively. The values of 𝜙f  of the two helices were set in 

antiphase. As shown below, IMH and amplitude are independent of 𝑝, so for simplicity we set 𝑝 = 100 nm for all fibrils, 

roughly corresponding to twice the average values of peak-to-peak distances found in the experiments. Assuming that the 

composing protofibrils are made of 𝑛 and 𝑚 protofilaments, the corresponding helices radii were set as  𝑅: = 	
�	�
C

 and 

𝑅� =	 :	�
C

, which correspond to the values set by minimizing the bending energy (see below). Nevertheless, as shown in 

the next section, the theoretical IMH and amplitude are independent of the particular choice made for 𝑅: and 𝑅�, as long 

as the condition 𝑅: + 𝑅� = :e�
C
𝑏 is satisfied. Therefore, the values of 𝑅: and 𝑅� were set only to allow drawing the 

cartoons reported in Table 7.1. When protofibrils with increased diameters were considered, the same formulae were 

applied by substituting 𝑛 → 	𝑛 + 𝑑ℎ:/𝑏 and/or 𝑚 → 	𝑚 + 𝑑ℎ�/𝑏. In the case of twisted ribbons, the same description 

was implemented by Assenza et al327: the 𝑛 protofilaments forming the ribbon were labeled as 𝑖 = −:?@
C
,… , :?@

C
 and the 

axis of the 𝑖-th protofilament was imposed to follow a helix with radius 𝑖 ⋅ 𝑏 and periodicity 𝑝. For representation pur-

poses, in all the cartoons reported in Table 7.1 the radius of the tubes was increased by a factor of five. 

Theoretical AFM profiles.  
Assuming that the fibrils are sufficiently soft to adapt their conformation to the substrate (that is, there is always a contact 

point with the surface), at each point the theoretical AFM height can be computed as the difference between the maximum 

and the minimum of the fibril conformation at that point. Under this assumption, for randomly-twisted fibrils the AFM 

profile is independent of the particular choice of weights given to the radii of the composing protofibrils, as we show in 

the following. Without loss of generality, let us assume 𝑛 ≥ 𝑚 and that the height of each helix is given by its 𝑦 coordi-

nate. Moreover, let 𝑤 be the weight of the radius of the protofibril made of 𝑛 protofilaments, thus 𝑅: = 𝑤 (:e�)�
C

 and 

𝑅� = (1 − 𝑤) (:e�)�
C

. Starting from Eq.(S1), the maximum and minimum of each protofibril are then given by 𝑚𝑎𝑥: =

𝑤 (:e�)�
C

cos �C��
4
+ 𝜙f� +

:	�
C

; 𝑚𝑖𝑛: = 𝑤 (:e�)�
C

cos �C��
4
+ 𝜙f� −

:	�
C

; 𝑚𝑎𝑥� = −(1 −𝑤) (:e�)�
C

cos �C��
4
+ 𝜙f� +

�	�
C

; 𝑚𝑖𝑛� = −(1 −𝑤) (:e�)�
C

cos �C��
4
+ 𝜙f� −

�	�
C

. In each of the previous formulae, the second term accounts for the 

thickness of the tube; moreover, the minus sign in the first term of  𝑚𝑎𝑥� and 𝑚𝑖𝑛� originates from the phase difference 

(equal to 𝜋 ) between the two helices. The overall maximum and minimum heights are obtained as H��� =

max	(𝑚𝑎𝑥:,𝑚𝑎𝑥�) and H��� = min	(𝑚𝑖𝑛:,𝑚𝑖𝑛�), respectively. It is straightforward to show that (H���, H���) =

(𝑚𝑎𝑥:,𝑚𝑖𝑛:)  for �cos�C��
4
+ 𝜙f�� <

:?�
:e�

; moreover, (H���, H���) = (𝑚𝑎𝑥�,𝑚𝑖𝑛:)  for cos �C��
4
+ 𝜙f� < −:?�

:e�
 

and (H���, H���) = (𝑚𝑎𝑥:,𝑚𝑖𝑛�) for cos�C��
4
+ 𝜙f� >

:?�
:e�

. The AFM height is computed as 𝐻� � = 𝐻���−H��� 

and is thus equal to: 

							HR¡T"¢:£9�(𝑥) = 	¤
𝑛𝑏																																																														𝑖𝑓			 �cos �C��

4
+ 𝜙f�� <

:?�
:e�

	
(:e�)�

C
¥1 + �cos�C��

4
+ 𝜙f��¦ 																																														𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                   (S2) 

Note that the AFM height is independent of the particular choice of 𝑤. Eq.(S2) was employed to plot the theoretical 

profiles of randomly-twisted fibrils reported in Figure 7.10 and Table 7.1. Remembering the assumption 𝑛 ≥ 𝑚, it is 

evident that the maximum and minimum AFM heights are (𝑛 +𝑚)𝑏 and 𝑛𝑏, thus giving an amplitude equal to 𝑚𝑏, as 
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expected. The average height can be computed by integration of Eq. (S2) over one period, i.e. @
4 ∫ HR¡T"¢:£9�(𝑥)𝑑𝑥4

f , which 

gives for the IMH: 

			IMHª��«¬­ = @
4 ∫ HR¡T"¢:£9�(𝑥)𝑑𝑥4

f + �	�
C
= ��e­

C
+ C

� √𝑛 ⋅ 𝑚 + :?�
�
arcsin:?�

:e�
�𝑏 + �	�

C
                (S3) 

In the case of a twisted ribbon, the maximum and minimum height of the fibril conformation are easily obtained as 

±�(�?@)±
C

�cos �C��
4
+ 𝜙f�� +

�
C
�, i.e. HR¡T"²��9:(𝑥) = (n − 1)b �cos�C��

4
+ 𝜙f�� + 𝑏. The maximum and minimum AFM 

heights are thus 𝑛 ⋅ 𝑏 and 𝑏, respectively, hence resulting in an amplitude equal to (𝑛 − 1)𝑏. Integration of the AFM 

profile gives for the IMH 

																																																					IMHª�±±¬� =
C
�
(n − 1)b + :e@

C
𝑏                                                                 (S4) 

All the previous formulae hold also for protofibrils with increased diameters, provided that the substitutions 𝑛 → 	𝑛 +

𝑑ℎ:/𝑏 and/or 𝑚 → 	𝑚 + 𝑑ℎ�/𝑏 are performed. 

Theoretical modelling of fibrils bending.  
Assuming that protofibrils do not possess a spontaneous curvature, the bending induced by a helical conformation has an 

energetic cost 𝑈�8:£²:µ which can be described via the Wormlike-Chain model328: 

                                                       			
¶·¸¹º»¹¼
½¾¿

= @
C
𝑙4 ∫ �£q

À

£7
�
CÁ

f 𝑑𝑠                                                                 (S5) 

In the previous formula, 𝑘Â𝑇 is the thermal energy, 𝑙4 the persistence length of the protofibril, 𝑠 the arc-length parame-

terization of the helix, Γ its total contour length, and 𝑡̂ the unit vector tangent to the helix at position 𝑠. From equation 

(S1), the tangent vector can be obtained by differentiating with respect to 𝑥 and normalizing. We note that the arc-length 

parameter is related to 𝑥 via 𝑠 = d1 + \�jÆ¹j

4j
𝑥. Nevertheless, numerical substitution shows that 2𝜋𝑅: ≪ 𝑝 (at most one 

has 2𝜋𝑅u ≃ 20 nm, which is about one fifth of the experimental 𝑝), thus from Eq.(S1) �£q
À

£7
�
C
≃ �£q

À

£�
�
C
= �\�

jÆ¹
4j

�
C
	 inde-

pendently of 𝑠. Hence, after the trivial integration of this constant value Eq.(S5) becomes 

																																																																	
¶·¸¹º»¹¼
½¾¿

= @
C
𝑙4 �

\�jÆ¹
4j

�
C
𝐿                                                           (S6) 

Where L = Γ/d1+ \�jÆ¹j

4j
≃ Γ is the total length along the helical axis. The persistence length can be computed as 𝑙4 =

𝐸𝐼:/𝑘Â𝑇, where 𝐸 = 3.3 GPa is the Young’s modulus of the protofibril329 and 𝐼: its area moment of inertia. For a proto-

fibril made of 𝑛 laterally-associated protofilaments, the cross section is a rectangle with sides 𝑏 and 𝑛𝑏, to which corre-

spond principal moments of inertia equal to @
@C
𝑛Ë𝑏\ and @

@C
𝑛𝑏\. Assuming that the protofilaments within a protofibril are 

distributed along the radius of the enveloping tube, the two sides of the rectangle are oriented along the binormal (side of 

length 𝑏) and normal (side of length 𝑛𝑏) of the helix. As a consequence, the second bending mode is the one being 

stimulated, that is  𝐼: =
@
@C
𝑛𝑏\. Substitution into Eq.(S6) and further rearrangement of the result gives: 

                                                
¶·¸¹º»¹¼
½¾¿

= C
Ë
𝜋\ Ì

½¾¿
	�ÍÆ¹j	Î
4Í

	𝑛                                                                (S7) 
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Assuming that 𝑅: and 𝑅� are solely determined by bending, one can obtain the most elastically-favorable morphology 

by minimizing the bending energy of the system under the constraint 𝑅: + 𝑅� = (:e�)�
C

. Starting from Eq.(S7), the quan-

tity to be minimized is thus 𝑛𝑅:C + 𝑚�(:e�)�
C

− 𝑅:�
C
, which gives 𝑅: = 	

�
:e�

(:e�)�
C

= ��
C

 and 𝑅� = :�
C

. Note that elec-

trostatics is likely to play a role in determining the actual values of 𝑅: and 𝑅�, thus we stress that the formulae provided 

here were obtained.  

Theoretical modelling of fibrils energetics.  
From an energetic perspective, fibrils formation is mainly driven by the combination of electrostatics and lateral associ-

ation. Elasticity is likely to play a minor role due to the difference in magnitude between the radius and periodicity, as 

typical elastic contributions involve large powers of the ratio �
4
 (see for instance Eq.(S7)). In contrast, electrostatics plays 

a major role in fibrils formation. Indeed, the strongly acidic environment employed in the experiments (pH=1.6) results 

in a large linear charge density of protofilaments and fibrils, whose competition with lateral association ultimately deter-

mines the fate of the aggregation process. The key role of electrostatics is further indicated by the control experiments 

performed in the presence of 150 mM of salt, i.e. when significant screening of electrostatics is present (see Figure 7.5). 

In this case, the adhesion forces become overwhelmingly stronger than electrostatic interaction, and as a result uncon-

trolled aggregation takes place.  

For a fibril made of 𝑛 protofilaments, the free energy is thus written as: 

        																																										𝐹(𝑛) = 𝐹868Ðq"9(𝑛) + 𝐹6¢q8"¢6(𝑛)                                                         (S8) 

As a simple model for the lateral association, we assume that 𝑛 − 1 lines of contact are present, to which a certain linear 

energy density −𝑞 is associated (in units of 𝑘Â𝑇), with the minus sign indicating attraction. For a fibril of length 𝐿, the 

lateral association free energy thus reads: 

         																																																							¡ÒÓÔ¸ÕÓÒ(:)
½¾¿

= −𝑞(𝑛 − 1)𝐿                                                                (S9) 

The electrostatic free energy counts on two contributions: interaction between charges along the fibril and loss of config-

urational entropy of counterions. The latter is due to the confinement of a finite fraction of counterions in a region in close 

proximity of a highly-charged polyelectrolyte, a phenomenon known as Manning condensation330. To estimate the total 

electrostatic free energy 𝐹868Ðq"9, we consider the fibril as a uniformly-charged cylinder of radius :�
C

 and employ a formula 

proposed by Manning331: 

																																																	¡¸Ò¸gÔÕÖ(:)	
½¾¿

= ¥−�2 − @
J×(:)

� ln 𝑘ℓ − 1 + @
J×(:)

¦ 𝜆(𝑛)𝐿                                       (S10) 

In the previous equation, 𝑘 is the inverse of the Debye length; ℓ is a certain microscopic length which will be detailed 

below; 𝜆(𝑛) is the linear charge density of the fibril; 𝐿 is the length of the fibril; 𝜎Ú ≡ 𝜎/𝜎Ð(𝑛), where 𝜎 is the surface 

charge density of the fibril and 𝜎Ð(𝑛) a critical surface charge density that needs to be exceeded for counterion conden-

sation to take place (i.e., Eq.(S10) holds for 𝜎Ú > 1). We now proceed to describe in detail the various quantities appearing 

in Eq.(S10). The inverse of the Debye length is computed as 𝑘 = Ü8𝜋𝑁RÞ𝑙Â𝐼 ≃
@

@.ßC		�­
, where 𝑁¢Þ = 6.022 ⋅ 10CËmol?@ 

is Avogadro’s constant, 𝐼 = 25 mM the ionic strength corresponding to the pH conditions and 𝑙Â =
8j

\�ásáÕ½¾¿
≃ 0.72 nm 
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is the Bjerrum length, with 𝑒 = 1.6 ⋅ 10?@ß C being the elementary charge, 𝜖f = 8.859 ⋅ 10?@C F/m the permittivity of 

vacuum and 𝜖" = 78 the relative permittivity of water. To calculate 𝜆(𝑛), we first estimated the charge of an insulin 

dimer at pH=1.6 by considering the crystallographic structure of bovine insulin (PDB: 2zp6) and using PROPKA332,333, 

obtaining a total charge of 11.8𝑒. Importantly, the estimated charge did not change when considering the folded or un-

folded structure, suggesting that the molecular rearrangement of insulin dimers should not affect their total charge. Further, 

we assumed that the fibrils being considered here have a similar structure as the proposed model for human insulin fi-

brils81,322, thus the spacing between two consecutive dimers was fixed at 0.47 nm. This gives for the linear charge density 

𝜆(𝑛) = 𝑛 ⋅ @@.å8
f.\æ	�­

≃ 𝑛 ⋅ Cu8
:�

≃ 𝑛 ⋅ 4.02 ç
�­
	, where the factor 𝑛 is included to account for the 𝑛 protofilaments forming the 

fibril. The surface charge density 𝜎 is directly related to 𝜆 by the formula 𝜎 = è(:)
C�¹j�

≃ 6.66 ç
�­j, independently of 𝑛. The 

microscopic length ℓ is expected to be related to the typical distance of condensed counterions from the polyelectrolyte. 

In this regard, we note that Manning further defines an internal partition function of the condensed counterions as 𝑄 =
å� é�ê(@)

ë
𝑙ÂℓC𝜃, where 𝛾 = exp(−𝑘𝑙Â/2) ≃ 0.83 is the activity coefficient of the counterions and 𝜃 is the fraction of poly-

electrolyte charges neutralized by the condensed counterions found within a certain distance 𝑟O  from the polyelectrolyte 

surface. This partition function accounts for the change in free energy per Bjerrum length induced by the localization of 

condensed counterions and can be approximately written as 𝑄 = 𝑉ÐÐ𝜃, where 𝑉ÐÐ is the confining volume. We estimate 

this volume as the cylindrical annulus around a protofilament with outer radius equal to 𝑟T = 𝑟O +
�
C
, i.e. 𝑉ÐÐ = 𝜋𝑟TC 𝑙Â −

𝜋 ��
C
�
C
𝑙Â . The quantity 𝑟T  is known as the Manning radius and can be obtained as334  𝑟T = 0.9[𝜆(1)𝑙Â − 1]f.CC +

�
C
≃

2.28 nm. Comparing the formulas for the partition function 𝑄 enables obtaining ℓ = d ë
åé�ê(@)

ó𝑟TC − �
�
C
�
C
ô ≃ 0.43 nm. 

Finally, the critical surface charge density reads 𝜎Ú(𝑛) = ?8 õ� ½ℓ

C�6¾⋅
¹·
j ⋅ö�½⋅

¹·
j �
	, where 𝑓(𝑥) = ÷s(�)

�	÷ø(�)
 with 𝐾²(𝑥) being the mod-

ified Bessel functions of the second kind. 

Starting from Eq.(S9) and Eq.(S10), one can then estimate the propensity of two protofibrils to form a mature fibril by 

computing the total change in free energy as: 

																																																ù¡ÔÖÔÓÒ(:,�)
½¾¿

= ù¡¸Ò¸gÔÕÖ(:,�)
½¾¿

+ ù¡ÒÓÔ¸ÕÓÒ(:,�)
½¾¿

                                                     (S11) 

In Eq.(S11), Δ𝐹868Ðq"9(𝑛,𝑚) = 	𝐹868Ðq"9(𝑛 +𝑚) − 𝐹868Ðq"9(𝑛) − 𝐹868Ðq"9(𝑚) and Δ𝐹6¢q8"¢6(𝑛,𝑚) = 	𝐹6¢q8"¢6(𝑛 +𝑚) −

𝐹6¢q8"¢6(𝑛) − 𝐹6¢q8"¢6(𝑚) = −𝑘Â𝑇 ⋅ 𝑞𝐿.	Note that the gain in lateral-association energy is simply −𝑞𝐿, as in the present 

model only a single line of contact is added upon aggregation.  
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7.3 Results	

7.3.1 Morphological	evolution	of	the	insulin	amyloids	

The morphological evolution of the insulin aggregates has been monitored over a duration of ten 

hours under acidic condition (Figure 7.1). At an early stage, the initiating monomeric protein (Figure 

7.1a) formed amorphous pre-fibrillar nuclei (Figure 7.1b), which gradually vanished once protofila-

ments appeared. Individual protofilaments were observed after 1-hour incubation (Figure 7.1c), fol-

lowed by an increasing amount of protofibrils (Figure 1d-f). In this period of fibrillization, we ob-

served plenty of evidences of interfibril interaction and combination, as indicated by the arrows. In 

the following incubation, the matured fibrils were gradually formed (Figure 71 g-h). These mature 

fibrils showed a considerable increase in the length and thickness compared with the protofibrils, as 

well as the quantity of fibrils. 

Besides, we utilized three independent techniques to verify the trend of protein aggregation. ThT 

fluorescence assay was performed to show the aggregation kinetics (Figure 7.2a), confirming the lag 

phase over a duration of about 5 hours, followed by a shorter elongation phase and the saturation 

phase after ca. 10-hour incubation. Circular dichroism experiments and infrared nanospectroscopy 

measurements (Figure 7.3b-c) were performed that shows a clear gradual transition from a-helix 

structure to the β-sheet rich conformation of the protein aggregates. 

 

Figure 7.1 The morphological evolution of full-length insulin aggregates at acidic pH. (a-h) AFM images of full-length 
insulin self-assembly incubated at pH 1.6 for 0, 0.5, 1, 2, 4, 6, 8 and 10 hours, respectively. These AFM images show (a) 
homogeneous monomeric insulin; (b) amorphous pre-fibrillar aggregates; (c-f) protofilaments and protofibrils; (g-h) mature 
fibrils.  Interfibrillar interactions are indicated by arrows. Scale bars are 2 μm.  
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Figure 7.2 Aggregation kinetics and secondary-structure transition of insulin self-assembly. (a) Aggregation kinetics re-
vealed by the evolution of ThT fluorescence as a function of incubation time. (b) CD spectra of insulin solution incubated for 
1, 2, 4, 8 and 10 hours. The dips on the spectrum at 208 and 220 nm (α-helical conformation) show a gradual shrinking in 
the first 8 hours and transferring to 218 nm (β-sheet content) in the following 2 hours. (c) NanoIR infrared absorption spectra 
of the formed aggregates from 0 to 10 hours incubation in the range 1200-1800 cm-1. The band of amide I, II and III are 
indicated with grey background. The details of multi-composition analysis are shown in method section. The blue Gaussian 
bands represent helical and turn-like (1648-1685 cm-1) structure, red Gaussian bands refer to β-sheet and antiparallel β-
sheet (1610-1640 and 1685-1695 cm-1) structure and green peak indicates the random coil (1640-1650 cm-1) structure. 

 

It is interesting to note that, except for the single protofilaments in the beginning of incubation, these 

protofibrils and mature fibrils showed homogeneously-fluctuated height profiles (Figure 7.3), and 

this regular height fluctuations were maintained during the whole aggregation process. This twisted 

geometry is believed result from the incubation condition, especially pH and ionic strength322,326, and 

it indicated that an acidic pH environment enlarges the high surface charge of insulin fibrils and favors 

the formation of twisted configurations81,322,324,335.  

According to the statistical measurement on the average height of the protein aggregates and twisted 

fibrils, it is also worth to note that the average height of the fibrils shows an overall increasing trend 

as a function of incubation time (Figure 7.4a-g), from the monomers (1 nm) before the incubation to 

the fibrils with height ranging from 2 to 8 nm. Remarkably, we observed that the average height of 

the protofibrils in each incubation time showed multi-peaked distribution, and these peaks saw an 

overall increase along the incubation (Figure 7.4h). This trend of morphological evolution suggested 
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the fibrillization mechanism of hierarchical assembly by stacking of protofilaments and protofibrils, 

as a result of the interprotofilament interaction, as indicated in Figure 7.1d-f. 

 

Figure 7.3 High-resolution AFM images of insulin aggregates throughout fibrillization. (a-f) The AFM images show insulin 
monomers (a), protofilaments (b) and fibrils with fluctuating height (c-f) after 0, 1, 2, 4, 6 and 8 hours incubation. The insulin 
monomers (a) show a height of around 1 nm and the protofilaments appeared after 1-hour incubation also have a height 
of 1 nm with no significant fluctuations along the profile. The protofibrils and mature fibrils formed in the following incuba-
tion display a homogeneously-fluctuating height profile together with an overall increase of fibril height. 

Thus, it is clear to focus the study on the intertwining phenomenon among protofilaments and proto-

fibrils. This phenomenon was intensively observed in the during the lag and elongation phases of the 

aggregation process, which evidences the key role played by interprotofilament interaction in the 

fibrillization process. First, to visualize this interaction in the initiating stage, we isolated early fibril-

lar aggregates from protein solution after 1-2 hours incubation. We captured a nanoracket-shaped 

self-folded protofilament (Figure 7.6a) with a height of 1.2 nm, close to the diameter of an insulin 

monomer. This geometry was considered as mesoscale building blocks of entangled plaques336. Fur-

ther evidences of fibril-fibril intertwining are shown in Figure 7.6b, suggesting the existence of a 

widespread mechanism knitting protofilaments to form higher-ordered multi-stranded fibrils with 

complex configurations. We reason that the origin of the interprotofilament interaction is the surface 

adhesion336,337 as a consequence of the hydrophobic and polar interactions, between insulin fibrillar 

aggregates. This intertwining effect might not attribute to the electrostatic force as we proved that an 

enhanced electrostatic force by modulating ionic strength induced the gathering of fibrils and the 

formation of massive fibril bundles (Figure 7.5).  
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Figure 7.4 Statistical analysis of the average height of insulin aggregates. (a) The height distribution of insulin proteins 
before incubation shows an average height of 1.0 nm, indicating homogeneous monomeric proteins under acidic condi-
tions235. (b) Height distribution of protein aggregates incubated for 1 hour. The distribution of average height of protofila-
ments is located at 1.2 nm, but another cluster of height distribution (1-8 nm) was found because of the existence of amor-
phous pre-fibrillar aggregates. (c-g) The height distributions of protofibrils and fibrils obtained after 2-8 hours incubations 
show multiple peaks, indicating the presence of distinct families. (h) Evolution of average height of twisted fibrils for each 
family as a function of incubation time, showing the tendency of thicking the fibrils as enlarging the incubation time.  

 

 
Figure 7.5 The morphological evolution of insulin aggregates under large ionic-strength conditions. (a-h) AFM images of 
insulin aggregates obtained in the presence of 150mM NaCl after 0, 0.5, 1, 2, 4, 6, 8 and 12 hours of incubation, respectively. 
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7.3.2 Statistical	analysis	on	the	morphological	features	of	twisted	fibrils	

To further characterize the effect of inter-protofilament interaction on fibril polymorphism, it is es-

sential to access the stacking arrangement of protofilaments within these fibrils. Due to convolution 

effects, AFM tips have not enough horizontal resolution to detect the inner configurations of fibrils, 

whose diameters are in the order of a few nanometers (Figure 1.9).  
 

 

Figure 7.6 Snapshots of fibril-fibril interaction and statistical analysis on fibril morphologies. (a) AFM image of a self-
folded protofilament with the nanoracket shape. The insert shows the height profile along the ridge of the protofilament 
following the direction of red arrows. The height of i) mica, ii) single protofilament and iii) self-folded protofilament are 
clearly indicated. (b) AFM snapshots of the intertwining protofilaments and protofibrils isolated from solution in the early 
stage, as indicated by the arrows. The scale bar is 0.5μm. (c) Schematic representation of a twisted amyloid fibril scanned 
by an AFM tip. The height profile (red) along the fibril is extracted by tracing along the ridge of the fibril. Average height, 
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periodicity and amplitude of the fluctuating height profile are indicated. Considering the flexibility of the protofibrils, the 
lower surface of these protofibrils were believed on the substrate. (d) The density map distribution of average height against 
mean height of all twisted fibrils. The equilibrium of distribution suggests the correspondence between extracted extrema 
and average height, and thus the reliability of extracted IMH and amplitude. (e) The IMH distribution of the twisted fibrils 
obtain in the experiment, that features six distinct families peaked at 1.2±0.2, 2.7±0.4 nm, 3.4±0.3, 5.1±0.7, 7.4±0.6 and 
9.4±0.4 nm. (f) Scatter plot of the periodicity and amplitude vs. IMH. The clustered distribution indicates that the correlation 
between amplitude and periodicity of twisted fibrils with their IMH height. 

However, this limitation can be circumvented by employing the high vertical resolution (2 Å) AFM 

to access the precise features of the height profile, e.g. height, pitch and amplitude, of the twisted 

fibrils, as illustrated in Figure 7.6c. Firstly, we traced the ridge of fibrils along the contour length to 

obtain their height profiles, illustrated as the red curve in Figure 7.6c. Then, several features from this 

height profile were extracted: the average height was obtained as  𝐻RÞ. =
@
:
∑ 𝐻½:
½ü@ , where 𝐻½  refers 

to the height value of each pixel on the height profile of the fibril; the periodicity 𝑃 was defined as 

the distance between consecutive peaks; the maximum (𝐻�¢�) and minimum height (𝐻�²:) were 

computed as the heights corresponding to peaks and wells, respectively. Note that 𝑃,𝐻�¢�  and 𝐻�²:  

were averaged over the whole trace. Finally, the amplitude was defined as 𝐴 = 𝐻�¢� − 𝐻�²: .  

 
Figure 7.7 Assessment of average and maximal height of hierarchically twisted fibrils. (a) Distribution of average fibril 
height acquired by averaging all height values traced along the amyloid fibril. (b) Distribution of maximal height acquired 
by averaging all peaks on height profile of fibrils, which shows only three main peaks. (c) Two twisted fibrils with different 
amplitudes, implying distinct configurations, shows similar average height, but indicates different values of IMH, which thus 
allows distinguishing them from each other. (d) A protofilament shows an average height similar to another twisted fibril, 
while there is a marked difference in IMH. These two examples (c-d) epitomize the advantages derived from employing the 
IMH over the average height to characterize hierarchical twisted fibrils. 
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The average height of twisted fibrils obtained throughout the whole incubation period are displayed 

a multimodal distribution (Figure 7.7a) with six distinguishable fibril families peaked at 1.2±0.1, 

2.1±0.3, 2.8±0.2, 4.6±0.4, 6.3±0.4 and 7.9±0.2 nm. This feature has been previously reported for 

amyloid fibrils95,324,338–340 and is believed to be due to the combination of different amount of proto-

filaments324,338. As mentioned above, larger families were favored at longer incubation times, sup-

porting a hierarchical building process (Figure 7.5h). Thus, it is reasonable that higher-ordered fibrils 

were obtained by intertwining two smaller components under the hierarchical assembly model 

(HAM)324,341–344. This argument is further reinforced by the observation of ubiquitous protofibril-

intertwining events (Figure 7.6b). Therefore, we assume that the various peaks in the average height 

distribution correspond to different amounts (from one to six) of protofilaments.  

However, despite its popularity in characterizing amyloid fibril40,85,235,339,342, average height might be 

misleading because configurational information is missing in the averaging process. Indeed, as illus-

trated in Figure 7.7c-d, qualitatively-different packing arrangements can result in similar average 

height. In contrast, the maximal height can in principle discriminate between different configurations, 

yet its distribution does not satisfactorily capture the various families (Figure 7.7b). In order to better 

characterize the various populations of polymorphic twisted fibrils, we therefore introduce a novel 

feature, namely the Integrated Maximal Height (IMH), defined as:  

𝐻þTÿ = 𝐻RÞ +
@
C
𝐴, 

where 𝐻RÞ. refers to average height of twisted fibril and 𝐴 is the amplitude of the fluctuation in the 

height profile. Before further characterization, we evaluated the stability and comparability of IMH 

and amplitude. By comparing mean height (𝐻�8¢: =
@
C
(𝐻�¢� + 𝐻�²:)) and average height in Figure 

7.6d, we found the equilibrium distribution that confirms the consistency between average height and 

extracted features from height profile, and thus proves the reliability of IMH and amplitude. Contrary 

to the maximal height, IMH captures the presence of the six-fibril families (Figure 7.6e), peaked at 

the values 1.2±0.2, 2.7±0.4 nm, 3.4±0.3, 5.1±0.7, 7.4±0.6 and 9.4±0.4 nm. This is comparable to the 

results obtained via the average height distribution, but with the advantage of clearly distinguishing 

qualitatively-different configurations (Figure 7.7a), suggesting that the various peaks correspond to 

a different number (from one to six) of protofilaments. 

Then, we address the relation between the IMH and the other geometrical features of polymorphic 

twisted fibrils. In Figure 7.7f, we report a scatter plot showing the variation of periodicity and ampli-

tude as a function of IMH. The tendency of clustering of the data suggests the dependence of both 
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periodicity and amplitude of twisted fibrils on their IMH height. Thus, we analyzed the periodicity 

and amplitude of these twisted fibrils from each family (Figure 7.6e) classified by IMH distribution. 

For the periodicity, we found  a single-peak distribution in each family, exhibiting an overall linear 

increase of average periodicity as a function of IMH  (Figure 7.8a-g), consistent with previous obser-

vations85,136,345. However, this increase as a function of protofilament number is not consistent with 

the prediction based on a twisted-ribbon model where twisting is driven by electrostatics327. Moreover, 

there is an obvious overlap of periodicities among different fibril families (Figure 7.8g) and the direct 

inspection shows a high degree of disagreement of the periodicities and IMH among different illus-

trated examples (Figure 7.8h), indicating that periodicity is not a good candidate for reliable charac-

terization of twisted fibrils.  
 

 
Figure 7.8 Evaluation of the periodicity of twisted fibrils. (a) Histogram of periodicity distribution of all twisted fibrils with 
an IMH height of more than 2 nm.  (b-f) Distribution of periodicity with amyloid fibrils from each IMH family, where it is 
clearly seen that only one dominant peak was found in each family. (g) Fibril periodicity in each family shows a linear de-
pendence on IMH. (h) Some examples of irregular features of fibril periodicity. Left: Two twisted fibrils with similar height 
(color scale) show considerable differences in their periodicity. Right: Two twisted fibrils with obviously different IMH show 
the same periodicity. The lack of a clear relationship between height and periodicity indicates that the fibril periodicity does 
not provide a reliable characterization of twisted fibrils. 

For amplitude, in contrast, we found the amplitude distribution within each IMH family (Figure 7.9a) 

shows multiple regularly located peaks (1.3±0.4, 2.5±0.4 and 3.4±0.2 nm), which correspond to the 

IMH of fibrils with one (1.2±0.2 nm), two (2.7±0.4 nm) and three (3.4±0.2 nm) protofilaments re-

spectively (Figure 7.6e). These findings reinforce the hypothesis that twisted fibrils are hierarchically 
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built by intertwining one strand of protofilament or protofibril with another. Since the high lateral 

flexibility of amyloid fibril, it is believed that the surface of twisted fibril is in contact with flat mica 

substrates (Figure 7.6c). Thus, it is clear that the IMH of twisted fibrils corresponds to the IMH sum 

of two strands of intertwining sub-protofibrils, whereas the amplitude corresponds to the IMH diam-

eter of the thinner sub-strand.  

Based on this ansatz, we conceptualized all possible packing arrangements of twisted fibrils according 

to their IMH and amplitude, as illustrated in Figure 7.9. For example, the fibrils with IMH of 2.7±0.4 

nm (Figure 4a-ii), corresponding to those fibrils consisting of two protofilaments, show only one peak 

located at 1.2±0.2 nm, close to the IMH of a single protofilament. This agrees with the only possible 

intertwining pattern of two protofilaments. In contrast, the fibrils containing four protofilaments 

(IMH 5.1±0.7 nm) show three amplitude peaks (Figure 4a-iv) corresponding to three different pack-

ing arrangements: one-to-three (4A), two-to-two (4B) and twisted-ribbon (4C) fibrils (Figure 7.9b). In 

this way, we can interpret the amplitude distribution in each family and thus identify different classes 

of twisted fibrils. It is worth noting that our proposed configurations include as particular cases insulin 

fibril configurations solved by cryoEM in the literature81,322,335, which also supports the reliability 

and reproducibility of our results.  

 

Figure 7.9 Statistical analysis of amplitude distribution and conformational identification of hierarchically twisted fibrils. 
(a) Histogram of amplitude distribution of all twisted fibrils with IMH height of more than 2 nm (i) and fibrils from each 
classified IMH family (ii-vi). Coloured regions (light, medium and deep grey) refer to the IMH value of fibrils with 1, 2 and 3 
protofilaments respectively. The labels on the peaks represent different types of fibril arrangement: the digits refer to the 
number of protofilaments in the fibrils, and letters A, B, C and D stand for increasing values of the amplitude, corresponding 
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to 1,2,3,4 protofilaments, respectively. All the peaks observed in each IMH family are located in the grey regions, suggesting 
that each peak originates from the size of a smaller protofibril involved in the formation of the fibril at hand. (b) Schematic 
models of all possible configurations of twisted fibrils made of up to 6 protofilaments, with corresponding examples of AFM 
scanned fibrils. The inset in each scheme shows the height profile of the fibril along the red dashed line, for which the IMH, 
periodicity and amplitude are reported. The scale bar in the AFM image corresponds to 100 nm. 

7.3.3 Morphological	modelling	of	twisted	fibrils	

Besides, we also modeled the geometry of the protofilament-based structure of these identified fibrils. 

As shown in Figure 7.10a-b, we illustrated the AFM tip and the comparison between the real mor-

phology of the protofilament-based fibrils and the modeled AFM-scanned fluctuated height profile. 

By applying a diameter of single protofilament of 1.2 nm, we obtained the IMH and amplitude of all 

these modeled height profiles, and matched these modeled data with experimental data (Table 7.1). 

We found an overall agreement from this comparison (green values), despite of slight mismatch on 

the IMH values of the thick fibrils (red values).  

 
Table 7.1 The protofilament-based modelling on fibril geometry. The modelled schemes and their IMH and amplitude of 
each modelled height profiles with a diameter of protofilament of 1.2 nm. The correlation between these modelled data 
with experimental data shows an overall agreement (green values), despite of slight mismatch on the IMH values of the 
thicker fibrils (red values). 
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Figure 7.10 The AFM tip fitting on the modelled fibril geometry. (a) The size of experimental AFM tip (b) The correlation 
between the modelled morphology (blue) of the protofilament-based fibrils and the fitted AFM result on fibril height profile. 

In general, we classify the fibril configurations into two categories: twisted ribbons and randomly-

twisted fibrils. On one hand, the twisted ribbons are constructed by parallel-stacking of protofilaments, 

which straightforwardly give the measured amplitude by recognizing the maximum and minimum 

profile height as corresponding to the difference of the height of vertically-adsorbed protofilaments 

and single protofilament, respectively99,136,237. Indeed, in this case the maximum and minimum height 

are 𝑛 ⋅ 𝑏 and 𝑏, respectively, where 𝑏 ≃ 1.2	nm is the diameter of a protofilament and 𝑛 is the num-

ber of protofilaments within the ribbon. This results in an amplitude equal to (𝑛 − 1) ⋅ 𝑏, in excellent 

agreement with the experimental data (structures 2A,3B and 4C in Figure 7.9b). 

On the other hand, the random-twisted fibrils containing more complex architecture can be  rational-

ized with the aid of the hierarchical assembly model (HAM)19, 33–36. This model prescribes the inter-

twining of two-cylinders enveloping the protofilaments or protofibrils composing the fibril, and there-

fore a protofibril made of 𝑛 protofilaments is represented as a cylinder of diameter 𝑛 ⋅ 𝑏. For instance, 

in Figure 7.11a, we sketch the HAM model of fibril 3A, composed by twisting a protofilament around 

a scaffolding 2A fibril. A theoretical AFM profile is also reported assuming that small deformations 

of the fibril ensure its homogeneous adsorption onto the substrate (Figure 7.6c). Note that for repre-

sentation purposes the sketch in Figure 7.11a shows significantly larger diameter/periodicity ratios 

than the experimental data. From the theoretical AFM profile, both the IMH and amplitude could be 

analytically computed and compared well with the experimental results (Figure 7.11a). A better 

agreement with the data for the thickest fibrils could be achieved by assuming that protofibrils in-

volved in the formation of a fibril have larger diameters than when they are considered alone (Figure 

7.11b-c). For instance, the diameter of 3A equals to 3.6 nm when the protofibril is considered alone, 

while it becomes 4.4 nm when 3A is used as a scaffold to form 5B or 6C. This increase might be due 

to the presence of dangling ends along the protofibrils, i.e. disordered sequences decorating the 
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core81,82. Indeed, when a protofibril is considered alone, the disordered nature of the dangling ends 

may prevent their detection by the AFM tip. In contrast, when the protofibril is providing the scaffold 

to form a larger fibril, the second intertwining protofibril/protofilament may “tie” the dangling ends 

to the core, thus making them visible to the AFM tip. 

We interpret that the appearance of random-twisted and twisted-ribbon fibrils is due to different ori-

gins of driving forces. On one hand, the adhesion forces321,336,346, consisting of hydrophobic and polar 

interaction, between individual fibrillar aggregates in the bulk solution, to form the HAM polymor-

phic fibrils with random intertwining of protofilaments and protofibrils324,336,341–343. One the other 

hand, insulin protein, containing two well-characterized fibril-forming segments (LYQLEN and 

VEALYL), can induce steric zipper79–81,322 to parallel stack protofilaments and thus form twisted-

ribbon136,237 fibrils. Thus, the combined effect results in the coexistence of twisted-ribbon model and 

random-twisted fibrils85,95,322,323,344, which therefore affect amyloid formation propensity. From ener-

getic point of view, the origin of this intertwining is to reduce the free energy and form mechanically 

robust fibril configuration98,99,318, as well as the competition among the twisted fibril polymorphs. 

Interestingly, our data show a non-monotonic behavior of populations as a function of number of 

protofilaments. Fibrils with four protofilaments (𝑛 = 4, where 𝑛 is the number of protofilaments) are 

the most common configuration (Figure 7.6e). Moreover, thin fibrils (𝑛 ≤ 4) tend to progressively 

combine with single protofilaments, so that fibrils 3A and 4A dominate each family (Figure 7.9a iii-

iv). In contrast, mature fibrils (𝑛 > 4) are mostly formed by recruiting protofilament pairs (𝑛 = 2), 

thus fibrils 5B and 6B are the majority in their family.  

However, not all possible protofibril packing arrangements were found in this experiment, in partic-

ular the higher-ordered twisted-ribbons (5C and 6D) as shown in Figure 7.9b. As early twisted ribbons 

(3B and 4C) were formed less frequently in each family (Figure 7.9a iii-iv) upon the increase of the 

number of protofilaments, we reason that the decreasing concentration of monomers in time pre-

vented the formation of thicker twisted ribbons due to exhaustion of available protofilaments (com-

pare Figure 7.5h).  
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Figure 7.11 Modeling of fibril morphologies and energetics and the configurational interpretation of twisted fibrils. (a) 
The representation of HAM model of fibril 3A, that shows the conformation with the intertwining of two-cylinders protofil-
aments or protofibrils. (b-c) The comparison of experimental amplitude (b) and IMH (c) of the fibrils, shown as red dots, with 
these modelling data with protofilament-based HAM model (aqua curve) and with HAM model with tuned thickness of 
single protofilament (dashed black curve). (d) The modeling of fibril energetics in the interwining fibril. It shows the energy 
in the intertwining as a function of number of protofilament in one strand of protofibril (n), for the number in the other 
strand (m).  (e) AFM snapshot of 2A and 4B protofibrils partially intertwined to form 6B, where the fibril profiles before and 
after entangling are showed in the bottom inset with indicated IMH height and amplitude. (f) AFM snapshot showing for-
mation of two 3A protofibrils via aggregation of 2A and protofilaments, followed by their intertwining to generate a higher-
ordered fibril (6C). The insets show schematic representations of the intertwining steps reported in the AFM images. 

The proposed HAM twisting hypothesis is further illustrated by the snapshots of the intertwining 

fibrils. In Figure 7.11e, we show the merging of two protofibrils, which are identified as fibril 2A and 
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4B families according to the features on their height profiles, to form a higher-order twisted fibril 

family 6B. It is noteworthy that this formed mature fibril (6B) is especially in the entangling region so 

that its height profile shows two clear envelope levels, where the lower envelop corresponds to the 

IMH of fibril 4B and the amplitude equals to IMH of fibril 2B, respectively. However, in the direction 

away from intertwining, the lower envelop became gradually less obvious, suggesting that two strands 

of protofibrils knit individually, independent of their inner configurations, on the basis of HAM 

model322,324. This observation again directly proves the hypothesis that random-twisted fibrils are 

obtained from intertwining of protofibrils and protofilaments. Similarly, Figure 7.11b shows the for-

mation of mature fibril 6C by intertwining two protofibrils 3A, which are themselves obtained as a 

combination of fibril 2A and a protofilament, and the morphological features of these fibrils are in 

perfect agreement with the scheme reported.  

This non-trivial picture is compatible with two possible physical scenarios. One of them relies on the 

observation of the progressive disappearance of single protofilaments from the system (see Figure 

7.5h). Within this scenario, addition of a single protofilament is always more energetically favorable 

than combination with thicker protofibrils. At the early stages of aggregation, thin fibrils are then 

formed by progressively attaching single protofilaments, which explains the dominance of 3A and 4A 

for 𝑛 ≤ 4. Nevertheless, further formation of 𝑛� fibrils is suppressed due to the disappearance of 

protofilaments, so that alternative aggregation routes are pursued. In the second scenario, this sup-

pression is instead due to the competition between electrostatics and lateral association. The control 

experiment with screened electrostatics shows that large aggregates are formed (Figure 7.5), indicat-

ing that electrostatics opposes the aggregation process and suggesting larger electrostatic energies for 

thicker fibrils. It is thus possible that at a critical thickness (𝑛 = 4) the electrostatic repulsion becomes 

stronger than lateral attraction, thus suppressing further recruitment of protofilaments. We further 

note that the two scenarios are not incompatible, and both protofilament depletion and electrostatics 

strengthening may be acting at the same time. 

7.3.4 Energetics	modelling	of	the	twisted	fibrils	

In order to rationalize these arguments, we considered a simple model of fibrils energetics. At the 

simplest level, combining two protofibrils of length 𝐿 adds a line of lateral contacts between them, 

which contribute an energy Δ𝐹6¢q8"¢6(𝑛,𝑚) = −𝑘Â𝑇𝑞𝐿 independently of the number or protofila-

ments 𝑛 and 𝑚 of the composing protofibrils, where 𝑘Â𝑇 is the thermal energy and 𝑞 the linear en-

ergy density of lateral attraction. In a previous work, based on the analysis of torsional correlations 

along fibrils, it was estimated that 𝑞 ≥ 310𝑘Â𝑇/𝜇m347. The electrostatic free energy is obtained as a 
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combination of two effects. First, repulsion of the various charges decorating the surface of a fibril. 

Second, due to the large linear charge density of a fibril (see Method), counterion condensation is 

expected to take place, which has a cost in terms of counterions configurational entropy. Following 

previous study331, we compute the electrostatic free energy of a fibril made of 𝑛 protofilaments as 

𝐹868Ðq"9(𝑛) = 𝑘Â𝑇 ¥− �2 −
@

J×(:)
� ln𝑘ℓ − 1 + @

J×(:)
¦ 𝜆(𝑛)𝐿 , where 𝑘  is the inverse of the Debye 

length; ℓ ≃ 0.43 nm is a microscopic length related to the confining volume of condensed counteri-

ons; 𝜎′(𝑛) is the surface charge density of the fibril normalized by a critical value; 𝜆(𝑛) is the corre-

sponding linear charge density (see Methods). The free-energy change induced by the combination 

of two protofibrils with 𝑛 and 𝑚 protofilaments is then computed as Δ𝐹868Ðq"9(𝑛,𝑚) = 𝐹868Ðq"9(𝑛 +

𝑚) − 𝐹868Ðq"9(𝑛) − 𝐹868Ðq"9(𝑚) . Finally, the total change in free energy is computed as 

Δ𝐹q9q¢6(𝑛,𝑚) = Δ𝐹6¢q8"¢6(𝑛,𝑚) + Δ𝐹868Ðq"9(𝑛,𝑚). In Figure 7.11d, we report @
Î
ù¡¸Ò¸gÔÕÖ(:,�)

½¾¿
 as a 

function of 𝑛 for 𝑚 = 1,2,3. We note that Δ𝐹868Ðq"9(𝑛,𝑚) > 0 for all 𝑛,𝑚, i.e. the electrostatic en-

ergy increases upon addition of protofilaments, in agreement with our conclusions above based on 

the control experiment in the presence of salt (Figure 7.5).  

If the physics of the system is governed by the first scenario, aggregation is always favored. As a 

consequence, Δ𝐹q9q¢6(𝑛,𝑚) < 0 for all 𝑛,𝑚. This condition imposes a lower boundary to the value 

of 𝑞. Particularly, by reckoning that the maximum value of the electrostatic free-energy difference is 

attained for 𝑛 = 𝑚 = 3 (inset in Figure 7.11d), one has 𝑞 ≥ Δ𝐹868Ðq"9(3,3) ≃ 415	𝑘Â𝑇/𝜇m, which 

is in agreement with the condition 𝑞 ≥ 310	𝑘Â𝑇/𝜇m established before347. 

Similar results are obtained in the case of the second scenario, where the change in the relative 

strength between electrostatics and lateral association is responsible for the anomalous populations 

distribution. The feasibility of this scenario is secured by the steady increase of Δ𝐹868Ðq"9(𝑛,𝑚) with 

the number of protofilaments; in other terms, it costs more energy to add a protofilament to thicker 

fibrils. Imposing that 𝑛 = 4 is the most populated family for 𝑚 = 1 gives for the parameter 𝑞 the 

condition Δ𝐹868Ðq"9(3,1) ≤ 𝑞 ≤ Δ𝐹868Ðq"9(4,1), i.e. q ≃ 375	𝑘Â𝑇/𝜇m, again in good agreement with 

the previous estimation347. Nevertheless, the model predicts that for thicker fibrils the aggregation of 

one protofilament is still more favorable than adding a two-stranded protofibril (compare main plot 

and inset in Figure 7.11d), in contrast with the experimental results. This does not necessarily mean 

that this scenario should be discarded: it is possible that adding a single line of contact may be reduc-

tive in the case of combination between multistranded protofibrils. We have numerically checked that 

increasing the lines of contact by a small portion while keeping the same value of q significantly 

enhances the strength of lateral attraction. For instance, 1.1 lines of contact are sufficient for the 
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addition of two-stranded fibrils to become energetically favorable (i.e. Δ𝐹q9q¢6 < 0), while 1.2 lines 

are needed for the case of three-stranded fibrils. As a final note, we stress that the quantitative esti-

mation of 𝑞 depends on the value chosen for the quantity ℓ; nonetheless, we have checked that the 

qualitative behavior reported in Figure 7.11d does not change in the interval 0.1	nm ≤ ℓ ≤ 0.7	nm. 

 

7.4 Conclusion	
In summary, this work provides a comprehensive study on the influence of interprotofilament inter-

action on mature fibril conformation and fibrillization propensity. By statistical analysis of high-res-

olution AFM images, we successfully identified and unraveled the polymorphic structures of insulin 

fibrils, showing a set of hierarchically-built conformations of either twisted-ribbon or random-twist-

ing packing arrangements. The latter architecture is generated through a novel HAM mechanism that 

enables the intertwining of protofibrils in the fibrillization process to form the higher-ordered fibrils. 

The modelling of the geometry and energetics of the fibrils was introduced to rationalize the experi-

mental results and provided new insights on the magnitude of the lateral attraction holding the proto-

filaments together. Our results shed light on the mesoscopic mechanisms of fibril formation and ad-

vance the understanding of the role of interprotofilament interaction among various aggregation re-

actions during the formation of functional and pathological amyloid fibrils. 
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 Conclusion	and	future	perspective	
	

8.1 The	conclusion	on	the	experimental	results	in	the	thesis	
In the framework of this PhD thesis, we presented several works concerning the investigation of 

biomacromolecule and amyloid fibrils, by using the AFM-related methodologies and several conven-

tional techniques, such as ThT assay and CD spectroscopy, for studying protein aggregation. 

As indicated in the introduction, AFM, as a versatile tool for nanoscale investigation of the specimen, 

shows a wide diversity of application fields, ranging from material science and physics, to chemistry 

and biological systems. In this thesis, we performed AFM measurements on distinct samples to access 

their various properties, including morphologies, mechanical properties and secondary structure with 

a high spatial resolution. With these experimental data, one can distinguish the nanoscale structure, 

follow the morphological evolution and monitor the transition of structural conformation that is cru-

cial to understand the significance in the biological processes. 

The first two studies in the main section target at the investigation of the role of xanthophyll circle in 

the regulation LHCII protein and the development of the novel high-sensitivity AFM for chemical 

analysis at nanoscale in the visible range: 

-  First, the study of the xanthophyll circle and its regulation on the supramolecular organization 

and structural conformation of LHCIIs on the chloroplast lipid was performed. With the high-

resolution AFM and AFM-IR measurement, we successfully identified the LHCII on the chlo-

roplast lipid membrane and detected the morphological and conformational difference of the 

LHCII and LHCII aggregates.  

- The second research section is the plasmon-enhanced vis-PTIR investigation on the morpho-

logical and chemical analysis on multiple samples, including Rhodamine nanohills and single-

layer molecules. This methodology is enhanced by both the gap plasmon and the instrumen-

tation resonance, that has the potential to be widely applied in the high-spatial resolution and 

ultra-sensitivity chemical analysis applications.  
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Amyloid fibril is the main research target in this thesis. The second chapter of the introduction gives 

an overview of the amyloid fibril and protein aggregation. The amyloid formation is the widespread 

phenomenon of various neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases. 

This association enables the continuously increasing interest worldwide on the biophysical and bio-

chemical investigation on amyloid formation, fibrillization pathways, molecular structure, cytotoxi-

city and the attempts of inhibiting aggregation or reducing the toxicity. Despite of the increasing 

knowledge on amyloids, the achieved progress is still limited and does not enable to fully solve the 

scientific questions regarding the amyloid formation mechanism and cytotoxicity. In this introduction, 

we discuss the current situation of the several representative neurodegenerative diseases, current un-

derstanding on the protein aggregation pathways and aggregation kinetics, molecular structure of 

amyloid fibrils, biomaterial applications of amyloid fibrils, as well as the various technologies for 

characterizing amyloid fibril formation. 

The following three sections all focus on studying the aggregation mechanisms of amyloid fibrils, in 

terms of the fibrillization pathways and aggregation kinetics, with multiple interesting conclusions 

that might promote our understanding on amyloid fibrillization. 

- The first investigation on amyloid fibrils is to study the influence of several representative 

environmental factors, including microgravity, sedimentation, hydrodynamic mixing and the 

air-water interface, on the α-synuclein aggregation. With the analysis on ThT data, we ob-

tained that the hydrodynamic mixing increases the secondary process during the aggregation, 

and the air-water interface under agitation significantly promoted primary nucleation.  

- In addition, we investigated the association between fibril polymorphism and environmental 

kinetics originating from hydrophobic air-water interface and hydrodynamic flow. We re-

vealed that polymorphic fibrils and homogeneous rod-like fibrils were observed in the envi-

ronmentally high-kinetic and low-kinetic conditions, respectively. The order-order transition 

from twisted to rod-like fibril was observed by mediating the environmental kinetics.  

- Moreover, we investigated the packing arrangement of multi-protofilaments twisted fibrils, 

including twisted-ribbon and random-twisted fibrils, and evidenced the novel fibrillization 

mechanisms driven by random-intertwining of protofilaments. This study advances the fun-

damental understanding of fibrillization mechanisms, from protofilaments to higher-ordered 

mature fibrils, and enriches the understanding on protein aggregation pathways and fibrilliza-

tion mechanisms. 
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Overall, these investigations on the amyloid aggregation may play a fundamental significance in, for 

example, to enrich the understanding on the fibrillization mechanisms, reveal the origin of polymor-

phic fibril formation, and discover the influence of environmental factors on the aggregation kinetics. 

These results maight also show the potential in the novel amyloids-based biomaterials for the bio-

medical and biotechnological applications. 

8.2 Future	developments	
This thesis demonstrates the capability of AFM-based technologies for the nanoscale investigation of 

macromolecules and amyloid fibrils. On one hand, from a technological point of view, further inves-

tigations should be concentrated on developing advanced AFM-techniques and on combining the 

AFM-techniques with other cutting-edge technologies, such as cryoEM and super-resolution micros-

copy. With the improvement on the instrumentation, more details on the experimental result could be 

released and more challenging experiment can be expected. 

On the other hand, for the research targets, the presented experimental results in the thesis show great 

scientific significance and meanwhile highlight great potential in the relevant research. Here, we raise 

several interesting questions that deserved to be conquered in the future.: 

1. The mechanism of multi-stranded ribbon formation 

The multi-stranded ribbon is the parallel-stacked rod-like fibril that formed in the long-term 

and high environmental-kinetic incubation, as indicated in Chapter 6. The detail of their for-

mation is one of the pending questions in this thesis, and it definitely would be an interesting 

research topic. Although less frequently observed, this multi-stranded ribbon may hold the 

similar or even lower free energy level over rod-like fibril. It was proved that the short peptide 

generates rod-like fibrils, which could even lower its free energy by transiting to crystal. This 

phenomenon, however, was not observed in the aggregation of the full-length protein. It is 

assumed that the multi-stranded ribbon might be the crystal aggregate for full-length protein, 

and how to obtain the multi-stranded ribbon by modulating the environmental kinetics is still 

unknown. This research might better enrich our understanding on fibrillization mechanism 

and also show potential biomaterial applications.  

2. Hydrogel-amyloid interaction 

The formation of amyloid plaques in the environment of neuron networks suggests the idea 

of studying the impact of a biomimetic network on the amyloid formation, where hydrophilic 

hydrogel can be good candidate. Due to their good biocompatibility and desirable physical 



Chapter 8. Conclusion and future perspective  

 

 136 

characteristics close to the physiological conditions, hydrogel has been widely used in many 

biomedical applications. The AFM-IR technology and super-resolution microscopy can be 

applied simultaneously to monitor the fibril growth in solution and structural evolution, be-

cause of their ability to analyze and distinguish the sample at nanoscale. In addition, the bio-

degradability of the hydrogel allows the assessment of amyloid fibril with conventional AFM 

to obtain the morphological details and mechanical properties. The combination of these re-

sults is believed to provide a more comprehensive conclusion on the influence of 3D hydrogel 

network on amyloid formation. 

3. Optical fiber based nanomotion sensor 

Another interesting project is the combination of AFM techniques with another cutting-edge 

technology. An example is the optical fiber sensing is a popular technique for commercial 

high-sensitive sensing the physical and chemical features, such as temperature and refractive 

index. The possibility of combining optical fiber sensing and cantilever nanomotion technol-

ogy is attracting our research interests. With the structure shown in Figure 8.1, we could de-

sign the optical fiber based nanomotion sensor by using the interfering light. This approach 

might be the more sensitive as the Young’s modulus of the 3D-printed polymerized cantilever 

could be much lower than that of the conventional cantilever and thus the spring constant 

could be lower. Also, this optical fiber-based sensor can be very compact and easy to be re-

placed in the commercial usages. We expected that this research might have wide applications 

of disease diagnosis, and drug discovery, such as antibiotic susceptibility/resistance test. 

 
Figure 8.1 The represented optical fiber based nanomotion sensor. (a) The SEM image of the fiber-based nanomotion 
sensor with 3D-printed cantilever on the endface. (b) The reflected interference spectra with different cavity length. 
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We believe that the advance of the technology and the combination with multiple technologies could 

enable the great promotion of the investigation and the exploration on diverse properties of various 

specimens, including biomolecules and amyloid fibrils. In terms of the amyloid-related research, the 

achievements on these methodologies are crucial to better address the scientific questions, for exam-

ple, to solve the conformational transition at the molecular level, and probe the detailed mechanism 

of fibrillization process and polymorphic fibril formation. Such conclusion is believed to be of sig-

nificant importance in developing pharmacological treatments of neurodegenerative diseases, as well 

as designing novel biomaterials for the biomedical and biotechnological applications. 
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