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Summary 

The biological properties of the highly structured protein aggregates known as amyloid fibrils 

are intimately related to their length. Detailed information regarding amyloid fibrils’ 

assembly mechanism, functional properties, disease association, and nano-mechanical 

characteristics can be gained from studies of their length distribution. Such statistical 

characterization of fibril length will contribute to the future development of improved 

therapies targeting amyloid associated disease and novel amyloid based nano-materials. 

Nano-scale microscopy visualization of amyloid fibrils allows the direct measurements of the 

length of individual fibril particles deposited on surface substrates. However, quantitative 

characterization of the detailed length distributions of amyloid fibrils in bulk samples is far 

from straightforward. In this chapter, an atomic force microscopy based method that enables 

the quantitative characterization of amyloid fibril length distributions in bulk fibril samples is 

described. Illustrated using amyloid fibril samples generated in vitro from !2-microglobulin, 

the practical considerations in fibril length distribution determination, including sample 

preparation, image acquisition, fibril tracing, length dependent bias correction and distribution 

analysis, are discussed. 
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Fibril breakage; Protein assembly; Supramolecular assembly; Polymer; Statistical analysis 

 



3 

 

Background 

 

Amyloid fibrils are highly ordered proteinaceous nano-structures (1-3). Structural 

examination of ex situ amyloid fibrils and fibrils formed in vitro reveal that individual fibril 

particles are typically unbranched structures in the order of ~10 nm wide, and length ranging 

from few nanometres to many micrometers (e.g. (4-7)). Due to the complex assembly 

mechanism of amlyloid fibrils that involves nucleation, elongation and fibril fragmentation 

(8-12), fibril samples are highly heterogeneous with regard to their length (4; 13-20). 

Environmental factors such as monomer precursor concentration, temperature, pH, and 

mechanical conditions will affect the length distribution of amyloid fibrils, which in turn will 

affect fibrils’ biological activity through changes in their surface properties and diffusion rate.  

 

Attention has been focused on amyloid due to their association with devastating human 

diseases such as Alzheimer’s, Creutzfeldt-Jakob (CJD), Huntington’s and Parkinson’s 

diseases (1). Recently, it has been shown that short amyloid fibril fragments few hundred nm 

in length or shorter formed from the breakage of long fibrils µm in length have an increased 

cytotoxic potential compared with their un-fragmented original state (19; 21), indicating that 

fibril length is an key parameter to be considered for their disease association. Indeed, a 

number of studies propose fibril length measurements to investigate the connection between 

amyloid fibrils, their assembly mechanism and their biological and disease associated 

properties (e.g. (19-23)). Functional amyloid (2) as high-performance nano-materials is a 

potential emergent engineering application of amyloid fibrils following the recent studies on 

functional amyloid in nature and amyloid fibrils’ favourable nano-mechnical properties (3; 4; 
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5). Thus, analysis of fibril length can also be employed in characterizing amyloid fibrils 

designed to exploit their physical properties for engineering purposes.  

 

While measuring the length of individual fibrils deposited on a surface substrate by image 

analysis is conceptually straightforward, determining the length distribution of amyloid fibril 

in bulk samples is not. Described in this chapter is a method for determining the bulk sample 

length distribution of amyloid fibril samples using atomic force microscopy (AFM) imaging, 

which is a key nano-scale microscopy technique often used for characterising a range of 

biological polymers (e.g. (24; 25)). The detailed procedures and considerations are illustrated 

through the length distribution analysis of amyloid fibril samples formed in vitro from human 

!2-microglobulin (!2m). These samples of long-straight twisted !2m fibrils formed under low 

pH, which display all the hallmarks of amyloid (7; 26; 27), represent an ideal system to 

demonstrate the steps involved in the determination of fibril length distributions (Fig 1).  

 

***Insert Figure 1*** 

 

Acquiring images for length quantification 

 

Samples containing long-straight amyloid fibrils of human !2m used for fibril length 

distribution analysis are grown in vitro at pH 2.0 by seeding a freshly prepared 120 µM 

monomer solution with 0.1% preformed fibril seeds according to established protocols (19). 

Seeded growth ensures the generation of high quality morphologically homogeneous fibril 

samples (28) that are well suitable for length distribution analysis. Fibrils samples with 

different length distributions are generated by mechanical stirring of the seeded samples as 

described (19). For atomic force microscopy (AFM) imaging in air, fibrils are deposited on 
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mica (an atomically flat substrate commonly used in AFM) by incubating freshly cleaved 

mica surface substrate with 20 µL of a solution containing 0.4 µM monomer equivalent 

concentration of fibrils for 5 min at 25 °C. Great care is taken to minimize additional 

mechanical perturbations through sample handling and pipetting. The mica surface is 

subsequently washed with 1 mL sterile-filtered deionised water and dried under a gentle 

stream of nitrogen gas. Standard tapping mode AFM (TM-AFM) height, amplitude and phase 

images (Fig 2) are collected using a Dimension 3100 Scanning Probe Microscope (Veeco 

Instruments) or a MPF-3D Atomic Force Microscope (Asylum Research) using PPP-NCLR 

cantilever probes (Nanosensors, Neuchatel, Switzerland) with nominal force constant of 48 

N/m. All images used for length distribution analysis are collected at 1024x1024 pixels over 

10x10 µm surface area and processed using supplied software to remove sample tilt and 

scanner bow.  

 

***Insert Figure 2*** 

 

In general, height images of surface deposited fibrils for fibril length distribution analysis can 

be collected on any scanning probe microscopy instrument capable of standard tapping mode 

operation. The fibril deposition conditions should be optimised so that images contain well-

dispersed fibrils of appropriate surface density, allowing for individual fibrils to be found and 

traced. Large fibril clusters, dense blankets of fibrils or sparse fibril populations should be 

avoided as much as possible by optimizing the conditions such as protein concentration, ionic 

strength, incubation time, pH, temperature, and wash procedure. Images for fibril length 

distribution analysis should ideally be of sufficiently low-magnification wide-area views of 

the surface with at least 10-20 complete traceable fibrils per image, while still retaining 

smooth “unpixelated” fibril contours. Because amyloid fibrils tend to be in the order of ~10 
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nm wide, a resolution of  ~0.1-0.2 pixel/nm surface area (corresponding to ~10x10 – 20x20 

nm surface areas covered per pixel) will usually yield useful images with fibrils typically 

appearing 2-5 pixels wide on the images, taken into account tip-sample convolution effects 

using standard tapping-mode cantilever probes. The surface area scanned per image should 

also be sufficiently large so that the longest fibrils in a sample can be well contained within 

the boundaries of the image. Here, for example, 10x10 µm areas are scanned for !2m fibrils 

that are up to ~3 µm long. All images collected should be of identical size and resolution for 

the purpose of subsequent statistical length distribution analysis. To ensure sufficient 

sampling, a minimum of 3-4 images should be collected per sample.  

 

Single particle measurements of individual fibril length 

 

Once height images of fibrils have been flattened so that tilt and bow effects have been 

removed, initial single-particle measurements of individual fibril particle lengths can be 

performed. Contours of fibril particles can be traced and measured directly on height images. 

Tracing of fibril particles can be performed manually or using software suites that offer semi 

automatic or automatic tracing functions (examples in (4; 18; 20)). Here, !2m fibrils are 

traced using automated scripts written in Matlab (Fig 3). While it is straightforward to trace 

and measure individual fibrils that are well separated from clusters or at least do not have too 

many overlaps with other fibrils, not all fibrils can be traced even on well-dispersed images. 

Examples of such un-traceable fibril particles include fibrils in clusters with too many 

complex crossovers with other fibrils (e.g. I in Fig 3) and fibrils not fully within the bounds of 

the image (e.g. II in Fig 3). The omission frequency of such fibril particles is length 

dependent and will have an impact on the subsequent length distribution analysis, which will 

be discussed later. Also omitted in the single particle analysis are apparent spherical particles 
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(e.g. III in Fig 3). These particles likely represent small fibril particles with length that are too 

short to be determined using the image resolution settings employed. Their length, therefore, 

denote the lower limit of length that can be determined under a given image resolution. For 

example, under the imaging conditions employed here for !2m fibrils, fibril particles shorter 

than ~20 nm in length cannot be determined reliably. 

 

***Insert Figure 3*** 

 

Because fibril length distribution analysis is a single particle method, a large number of 

individual fibril particle measurements must be obtained in order to construct useful and 

meaningful length distributions. The number of fibrils that can be traced and their length 

measured per image depend on the length of the fibrils in relation to the surface area covered 

by the images. Because the surface area imaged and image resolution must be kept constant 

for each image for the purpose of subsequent length distribution analysis, samples containing 

long fibrils relative to the image dimensions will require larger number of images compared 

with samples containing fibrils much shorter than the image dimensions. In general, at least 

few hundred individual fibril lengths should ideally be obtained per sample. This could 

translate into ~10-20 or more images required for length distribution analysis per sample if 

10-20 fibrils are fully traceable per image.  

 

Prior to length distribution analysis, the morphological properties of the fibrils should be 

checked by analysis of fibril heights, which represent the apparent width of surface deposited 

fibrils. The height along a traced contour of a !2m fibril is show in Fig 4. The height profile 

(Fig 4A) shows periodic behaviour consistent with their twist observed by transmission 

electron microscopy (Fig 4B, (7)). The height distribution of the height of fibrils contours 
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obtained from a typical !2m sample (Fig 4C) shows expected absence of additional peaks that 

would indicate significant populations of fibrils of different types. More importantly here, 

fibril height distribution is consistent across different fibril samples independent of fibril 

length (Fig 5). Together, these controls suggest that samples containing the same type of 

long-straight twisted !2m fibrils of the same width are analyzed. Thus, subsequent distribution 

analysis on samples containing fibrils of indistinguishable morphology will likely represent 

the length distribution of a consistent population. 

 

***Insert Figure 4*** 

***Insert Figure 5*** 

 

Distributions of fibril length 

 

The observed surface length distribution of deposited fibrils can be readily obtained and 

visualized using the measured single particle fibril lengths. Length distributions can be 

visualized through histograms, which are frequently used to represent probability density 

estimates. Length distributions should also be represented and visualized by cumulative 

distribution plots. On cumulative plots, the probability P of finding individual fibrils of length 

L shorter than the length l is plotted against the length l, as described by the cumulative 

distribution function (CDF) of fibril lengths, is visualized: 

 

 

! 

CDF(l) = P(L " l) =
N L " l( )
Ntot

 Eq. (1) 
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In Eq. (1), N(L!l) is the number of fibrils in a sample shorter than the length l, and Ntot is the 

total number of fibril particles measured in the sample. Cumulative distribution plots are 

complementary to histograms because they do not depend on how the data are binned, unlike 

histograms. In Fig. 6, the observed surface length distributions of !2m fibrils from two distinct 

samples of different length distributions deposited on mica surface are shown as histogram as 

well as cumulative distribution plot. 

 

***Insert Figure 6*** 

 

Because amyloid fibrils are polymeric structures highly variable in length, the average length 

of the observed surface deposited fibrils will depend on the method of averaging. The number 

average length, which is the arithmetic mean length over individual fibrils, can be calculated 

as: 

 

 

! 

L n =
Lii

"
Ntot

 Eq. (2) 

 

The weight average length, which represents the average fibril length if the mass or the 

number of monomers per fibril is considered, can be calculated using the following equation: 

 

 

! 

L w =
miLii

"
mii

"
=

Li
2

i
"

Lii
"

 Eq. (3) 

 

The right hand side of Eq. (3) assumes that the fibril sample analyzed contains fibrils of the 

same type and, therefore, the same width (Fig 4).  
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While the surface length distribution of fibrils deposited on a substrate is straightforward to 

obtain from the individual length measurements, they do not readily represent the fibril length 

distribution of the bulk samples. The inability to analyze the length of every fibril on images 

(Fig 3) combined with differences in the efficiency of which fibrils deposit on the surface 

substrate (Fig 7) will result in a length quantification “efficiency” that is length-dependent. 

Thus, the probability of a fibril being fully traceable on an image is not only dependent on its 

population in the bulk sample, but also dependent its own length. Figs 8 and 9A illustrate the 

length-dependent bias. As seen in Fig 9A, depending on the observed weight average length 

of traced fibrils on a image, different total mass of fibrils on that image are traced, measured 

and included in the length distribution analysis despite the same mass concentration of 

samples were analyzed using identical protocol under the same conditions. The length-

dependent bias will, therefore, result in a difference between the observed surface fibril length 

distribution and the bulk sample fibril length distribution.  

 

***Insert Figure 7*** 

 

***Insert Figure 8*** 

 

A method to correct for the length-dependent bias and to estimate the bulk sample fibril 

length distribution using the observed surface fibril length distribution has been described 

(20). Essentially, this method assumes a length dependent weighting factor wbc(l) that 

describes the relative difference between the probability of detecting and measuring a surface 

deposited fibril of length L from a sample (Pobs(L=l)) and the probability of finding a fibril of 

identical length in the bulk of the same sample (Pc(L=l)): 
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! 

w(l) =
Pc (L = l)
Pobs(L = l)

, Pc (L = l) = w(l)" Pobs(L = l)  (Eq. 4) 

The bias-correcting factor wbc(l) that can satisfy Eq. 4 can be determined empirically using 

image data acquired under identical conditions, resolution and size settings, for fibril samples 

containing the same type of fibrils, the same mass concentration, but fibrils of different 

length. In this case, the total length of fibril traced on each image should be the same on 

average, and any deviation is due to length dependent bias to be corrected. The bias-

correcting weighting function wbc(l) can be found through iterative least squares analysis to 

match the above criterion (Fig 9A right plot). For long-straight !2m fibrils here, a linear wbc(l) 

bias-correcting function is able to satisfy the above criterion (Fig 9B).  

 

***Insert Figure 9*** 

 

As seen in Fig 9B for !2m fibrils, the probability of successfully measuring the length of a 

~50 nm long fibril on the acquired images is almost 20 times higher than a ~3 µm long fibril, 

if the same number of particles of fibrils is present in the sample. The chance of observing the 

length of a ~1 µm fibril on the acquired images is ~2.5 times higher than a ~3 µm long fibril 

under the same conditions. Thus, for !2m fibril samples under the conditions employed, wbc 

compensates the lower probability of successfully measuring the length of a 3 µm fibril 

compared with shorter fibril particles by giving a 3 µm fibril larger weight in the corrected 

length distributions. The number and weight average length of the corrected length 

distributions can be calculated using Eq. (5) and (6) (derived from Eq. (2) and (3), 

respectively). Figure 10 shows the resulting bias corrected fibril length distributions of the 

same fibril samples shown in images in Fig 6 compared with the observed surface length 

distributions of fibrils deposited on mica. As seen in Fig. 10, the sample length distributions 

for long-straight !2m fibrils can shift up by as much as ~200 nm in comparison to observed 
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surface length distributions. These final bias corrected length distributions can be regarded as 

population distributions estimates of fibril in the bulk samples. 

 

 

! 

L n =
wiLii

"
wii

"
 (Eq. 5) 

 

! 

L w =
wimiLii

"
wimii

"
=

wiLi
2

i
"

wiLii
"

 (Eq. 6) 

 

***Insert Figure 10*** 

 

Prospects of fibril length distribution analysis 

 

The TM-AFM based method presented in this chapter is a single particle and model-

independent method of quantifying fibril length distributions that does not require a priori 

knowledge or assumption regarding distribution model, shape information, and/or 

hydrodynamic properties. The image analysis approach could also be, in theory, applied to 

images acquired using other techniques such as transmission electron microscopy (TEM). 

However, TM-AFM results in images of less complexity that contain quantitative height 

topology information, which makes it an ideal technique for single particle analysis of 

amyloid fibril length. With the rapid progress in commercial AFM instruments in terms of 

scanning speed and resolution, fibril length distribution analysis will likely develop into more 

rapid and automated process in the future, compared with the current implementations. 

Increase in the resolution capabilities of AFM instruments may further result in means to 

resolve amyloid samples that contain increasingly more complex mixtures of populations.  
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Recent investigations into the mechanisms of amyloid assembly ((11; 12; 29)) have suggested 

a key role for fibril fragmentation process that can generate small fibril species capable of 

accelerating the growth of amyloid through seeding as well as elicit cytotoxic properties ((19; 

21)). Employing the method described here, the decrease in length distribution of !2m fibril 

samples has been linked to enhanced ability to seed the formation of new amyloid, and to 

disrupt lipid membranes (Fig 11).  

 

***Insert Figure 11*** 

 

Fig. 11 shows an example that illustrates the importance of length distribution analysis, where 

the fibril length distribution is a key property that influences the biological response to these 

polymeric assemblies inherently heterogeneous in length. The above example also 

demonstrates that length distribution information reveals the relative particle concentration of 

fibril samples, a key parameter that must be characterized in order to quantitatively 

understand amyloid associated disease mechanisms. In summary, given the importance of 

amyloid fibril length and brittleness, the method presented here will be a powerful tool in 

protein aggregation research. 
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Figure legends 

 

Fig. 1: AFM and TEM images of long-straight amyloid fibrils formed in vitro from human 

!2m. (A) A typical 1024x1024 pixel TM-AFM height image of the !2m fibrils deposited on 

freshly cleaved mica surface substrate, with the height color scale shown to the right. (B) A 

typical negative stain TEM image of the !2m fibrils. A 2.5x-magnified section, and a 10x-

magnified section of a single fibril are also shown. The images each cover a surface area of 

10x10 "m, with the scale bars representing the length of 2 "m. 

 

Fig. 2: Typical images of the !2m fibrils deposited on mica acquired from a TM-AFM 

experiment. Images from the height (A), amplitude (B) and phase (C) channels 

simultaneously acquired during a TM-AFM experiment are shown together with the color 

scale of the height image. Images from the three tapping-mode channels provide different 

modes of contrast representation of the surface deposited fibrils, and the height images are 

used in subsequent length analysis. The images are 1024x1024 pixel in size and cover a 

surface area of 10x10 "m. The scale bars represent the length of 2 "m. 

 

Fig. 3: Example of fibril contours traced on an AFM height image. (A) A 1024x1024 pixel, 

10x10 "m TM-AFM height image of !2m fibrils deposited on mica. The scale bar represents 

the length of 2 "m. (B) Fibril contours that have been traced on the image shown in A using 

automated MATLAB scripts. (C) Overlay of traced fibril contours in yellow and the image 

show in A. The roman numerals in A exemplifies fibrils that could not be successfully traced: 

I shows a cluster of fibrils, II shows a fibril that is not contained within the bounds of the 

image, and III shows a particle too small to be resolved on the image. 
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Fig. 4: Analysis of fibril height. (A) The height profile along a single !2m fibril contour is 

shown together with the original TM-AFM image section containing the fibril, approximately 

parallel-oriented to the height profile. (B) The periodic pattern of the height profile is 

consistent with the twist of the fibril. A fibril section from a negative stain TEM image, 

comparable in length to the image in A, is shown for comparison. (C) The height distribution 

of a !2m fibril sample obtained from a total of 34620 pixels along fibril contours is show. The 

histogram plot is aligned to with the height profile in A for comparison. 

 

Fig. 5: Comparison of fibril height in relation to their length. (A) Most frequently observed 

(mode) height along the fibril contour is plotted against their length. A total of 9298 fibrils 

from samples of different length distributions are included to illustrate that the widths of the 

fibrils under the conditions employed are not length-dependent. The black line denotes the 

average modal height of 5.2 nm. Plot is adapted from (20). (B) The height distribution of the 

heights shown in A. 

 

Fig. 6: Observed surface fibril length distributions of !2m fibrils deposited on mica. (A) and 

(D) Sample TM-AFM images showing two distinct samples of !2m fibrils deposited on mica. 

The images are 1024x1024 pixel covering 10x10 "m areas, shown with 2.5x-magnified 

sections. The scale bars represent the length of 2 "m. (B) and (E) Frequency histograms 

showing the observed length distributions of the fibril samples shown in (A) and (D), 

respectively. (C) and (F) Cumulative distribution plots showing the observed length 

distributions of the fibril samples shown in (A) and (D), respectively. The plots are 

normalized using Eq. (1) to show probability values from 0 to 1. Figure is adapted from (20). 
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Fig. 7: Length dependent surface deposition efficiency. (A) The deposition efficiency of !2m 

fibrils on mica surface substrate shown as the number of pixel or % of total number of pixels 

(1024x1024 pixels -> 1.049 Mpixel) on height images that are higher than 2 nm as function of 

the observed weight average length of fibrils traced on the images. Each data point represents 

one analyzed 1024x1024 pixel, 10x10 "m image, and 76 images are included in total. This 

plot indicates that lower mass of long fibril samples are deposited onto the mica (lower 

deposition efficiency) compared with their shorter counterparts despite the same mass 

concentration of samples were analyzed under the same conditions using identical protocol. 

Example 1024x1024 pixel, 10x10 "m images of two samples highlighted in (A) are show in 

(B) and (C). Each image is shown with 2.5x-magnified sections, and scale bars represent the 

length of 2 "m. 

 

Fig. 8: Length dependent image analysis efficiency. The number of successfully traced and 

measured fibril on 1024x1024 pixel, 10x10 "m images is plotted against the weight average 

length of fibrils traced on the images. Each data point represent one analyzed image, and 76 

images are included in total.  

 

Fig. 9: Correcting length dependent bias. (A) The total length of traced fibrils on each image 

normalized by its average value over all images analyzed is plotted against the observed 

weight average length of traced fibrils on each image. Left plot shows 76 data points each 

representing one analyzed 1024x1024 pixel, 10x10 "m image before bias correction, 

demonstrates significant length-dependent bias in the overall efficiency of fibril length 

measurements. Right plot shows the same 76 images after length dependent bias correction. 

(B) The experimentally determined bias correction weighting function wbc(l) obtained for !2m 
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fibrils on mica surface substrate, used for bias correction shown in A. Figure is adapted from 

(20). 

 

Fig. 10: Fibril length distributions corrected for length-dependent bias. The bulk sample fibril 

length distributions of the two !2m fibril samples shown as blue traces are obtained by bias 

correcting their observed surface length distribution shown as red traces. (A) and (C) 

Normalized frequency (unit-area) histograms showing the bulk sample length distributions of 

the fibril samples shown in Fig. 6 (A) and (D), respectively. (B) and (D) Cumulative 

distribution plots showing the bulk sample length distributions of the fibril samples shown in 

Fig. 6 (A) and (D), respectively. The cumulative plots are normalized using Eq. (1) to show 

probability values from 0 to 1. Figure is adapted from (20). 

 

Fig. 11: Fibril fragmentation reduces the length distribution of !2m fibril samples and 

enhances their ability to seed the formation of fibrils and disrupting liposome membranes. 

This example illustrates the application of fibril length distribution analysis as a powerful tool 

to study the biological impact of amyloid. (A) Typical TM-AFM height images of the !2m 

fibril samples fragmented to different extents by mechanical stirring to different length of 

time. The left column shows whole 1024x1024 pixel, 10x10 "m image images. The right 

column shows zoomed in 2x2 "m image regions of the same images. (B) Normalized 

frequency (unit area) histograms of the sample length distribution of each fibril sample. The 

number of measured fibril particles (Nfibril) is indicated in each histogram. The red text and 

lines denote the weight average length of each sample with errors corresponding to one 

standard error. (C) Top: weight average length of !2m fibrils agitated for different length of 

time. Middle: the efficiency of the differentially agitated !2m fibrils to seed new fibril growth 

characterized by the initial fibril elongation rates. Bottom: the efficiency of the differentially 
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agitated !2m fibrils to disrupt liposome membranes of large lamellar vesicles formed from 

80% (w/w) phosphatidylcholine and 20% (w/w) phosphatidylglycerol encapsulated with 50 

mM carboxyfluorescein. The error bars represent one standard error. Figure is adapted from 

(19). 

 

 
























