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Abstract

Although the formation mechanism of amyloid fibrils in bodies is still debated, it has
recently been reported how amyloid fibrils can be formed in vitro. Accordingly, we have
gained a better understanding of the self-assembly mechanism and intrinsic proper‐
ties of amyloid fibrils. Because the structure of amyloid fibrils consists of nanoscaled
insoluble strands (a few nanometers in diameter and micrometers long), a special tool
is needed to study amyloid fibrils at length. Atomic force microscopy (AFM) is supposed
to  be  a  versatile  toolkit  to  probe  such  a  tiny  biomolecule.  The  physical/chemical
properties of amyloid fibrils have been explored by AFM. In particular, AFM enables
the visualization of amyloid fibrillation with different incubation times as well as the
concentrations of the formed amyloid fibrils as affected by fibril diameters and lengths.
Very recently, the minute structural changes and/or electrical properties of amyloid
fibrils have been made by using advanced AFM techniques including dynamic liquid
AFM, PeakForce QNM (quantitative nanomechanical mapping), and Kelvin probe force
microscopy (KPFM).  Herein,  we summarize the biophysical  properties  of  amyloid
fibrils that are newly discovered with the help of those advanced AFM techniques and
suggest our perspectives and future directions for the study of amyloid fibrils.

Keywords: amyloid fibril, biophysical property, atomic force microscopy (AFM), Kel‐
vin probe force microscopy (KPFM), PeakForce QNM (quantitative nanomechanical
mapping)
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1. Introduction

Proteins and peptides can be transformed under some physiological conditions from their
soluble forms into highly ordered fibrous aggregates, which are called “amyloid fibrils” [1–3].
Amyloid fibrils can be deposited in the tissues and organs in the human body, resulting in the
generation of degenerative diseases such as Alzheimer’s, Parkinson’s, Creutzfeldt-Jakob’s, and
Huntington’s diseases depending on specific sequences of proteins or peptides [4, 5]. On the
other hand, the amyloid fibrils have often been exploited for functional roles (e.g., extracellu‐
lar matrix) by living creatures [6–8]. These amyloid fibrils, commonly known as functional
amyloid, are found in bacteria, fungi, insects, invertebrates, and humans. Because of their unique
mechanical and biological properties, amyloid fibrils had been used in a variety of organisms
as a bacterial coatings, scaffolds, biofilm, information storage and transfer, natural adhesives,
and structures for the storage of peptide hormones [7–11]. Although the precise formation
mechanism of amyloid fibrils and their pathological/functional behaviors in bodies are still
controversial, it has been reported how amyloid fibrils can be formed in vitro, allowing us to
understand the fibrillation mechanism and/or the intrinsic properties of the fibrils [12]. Because
these fibrils have a distinctive structure that consists of β-sheets that are perpendicularly stacked
in thousands of units, aggregating to a few nanometers in diameter and several micrometers in
length, a special tool is required to study the conformational (structural) changes of amyloid
fibrils in various microenvironments. To investigate the structural changes of amyloid fibrils,
many technical  tools  such as  fluorescence microscopy with Congo red and thioflavin-T,
transmission electron microscopy (TEM), X-ray diffraction, and nuclear magnetic resonance
(NMR) have been used [13, 14]. Recently, atomic force microscopy (AFM) is a good candidate
for characterizing such a thin fibrous material via high-resolution imaging of the molecular
structure and interactions. A sharp stylus mounted at the end of a flexible cantilever is used to
probe the amyloid fibrils placed on a piezoelectric scanner which controls the cantilever on the
sample in the horizontal (x and y) and vertical (z) axis (Figure 1). The deflection of the cantile‐
ver as a result of the interactions (such as van der Waals forces, capillary forces, chemical bonding,
and electrostatic forces) between the tip and the sample on substrate is converted into a laser
beam reflected on the back of the cantilever. In this system, laser light from diode reflects off the
back of the cantilever, and it is recorded as the amplified signal by a position-sensitive detec‐
tor (PSD), which reconstructs the molecular structure or interactions of amyloid fibrils. AFM
has its  advantages,  for example,  the convenience to prepare a sample,  working at  room
temperature and atmospheric pressure, and high-resolution imaging at the single-molecule
level, allowing for measuring the physical/chemical properties of amyloid fibrils. In particu‐
lar, AFM enables scanning to follow the morphological changes of amyloid fibrils in liquid
environments,  which is powerful as it  permits us to visualize amyloid fibrillation under
physiological conditions [15]. Recent in vitro studies of amyloid fibrils have demonstrated time-
lapse AFM imaging of amyloid fibrillation with different incubation times and concentrations
under physiological conditions [16]. Much more recently, AFM application techniques that lie
beyond its primary function (i.e., high-resolution imaging) have shown that abundant infor‐
mation of amyloid fibrils can now be accessible. For instance, PeakForce QNM (quantitative
nanomechanical  mapping)  and KPFM (Kelvin probe force  microscopy)  are,  respectively,
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beginning to be used to map mechanical properties and to measure the surface charge of amyloid
fibrils. Consequently, some unprecedented characteristics (e.g., minute structural changes and/
or electrical properties) of amyloid fibrils have been investigated, providing a better under‐
standing of amyloid fibrils [17–23]. In this chapter, we introduce the advanced AFM applica‐
tion methods (i.e., dynamic liquid AFM, PeakForce QNM, and KPFM) for measuring amyloid
fibril’s features that could not be accessed by conventional AFM technique and summarize the
newly discovered biophysical properties of amyloid fibrils with the advanced AFM techni‐
ques and suggest our perspectives and future directions for characterizing amyloid fibrils.

Figure 1. Schematic diagram of the principle of AFM.

2. Imaging of self-assembled amyloid fibrils in liquid environments

Amyloid fibrils are protein aggregates arising from misfolded proteins, transformed to β-
sheet-rich and insoluble fibrils, which can be tangled and deposited in tissues and organs [2].
Characterizing the structure of amyloid fibrils can provide some critical clues about the
mechanism of fibrogenesis and accordingly the pathological/functional roles of the fibrils. So
far a variety of instruments (e.g., light, X-ray scattering, and NMR) [24, 25] and microscopic
methods (e.g., fluorescence microscopy with Congo red and thioflavin-T [26, 27], TEM, and
scanning electron microscopy (SEM) [14]) had been used to explore the structure of amyloid
fibrils. Although many research results about the structure of amyloid fibrils had been reported
by using those tools and/or methods, a fully comprehensive investigation of the self-assem‐
bly behavior and structure of various amyloid fibrils has not yet been conducted. AFM
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provides additional capabilities and advantages relative to other microscopic methods. For
example, it can directly show and measure the structure of an individual fibril. In addition, it
is easy to prepare a sample and to get high-resolution imaging at the single-molecule level,
allowing for measuring the physical/chemical properties of amyloid fibrils. Furthermore, AFM
can scan the conformational changes of amyloid fibrils in a liquid environment, which is
powerful to visualize and measure amyloid fibrillation under physiological conditions.

2.1. Conventional AFM imaging techniques for amyloid fibrils

Since AFM was invented in the 1980s, it has widely been used as a versatile tool for direct
imaging of nano/biomolecules and measuring molecular interactions at the single-molecule
level [28–33]. In amyloid research, it has been reported that AFM is used to elucidate the fibril
formation mechanism and to monitor kinetics and morphology of amyloid fibrils such as α-
synuclein, insulin, and the B1 domain of protein G, a base model for immunoglobulin light-
chain variable domains related with fibrils [34]. For AFM imaging, the fibrils were deposited
on a freshly cleaved mica substrate. AFM images were collected in air under ambient
conditions at a scan frequency of 1–2 Hz. From the analysis of AFM images, all fibrils (α-
synuclein, insulin, and the B1 domain of protein G) are in correspondence with the general
hierarchical assembly model, like amyloid-β (Aβ; 1–40 and 1–42), with which mature amy‐
loid fibrils are formed by the intertwining of protofibrils. When first aggregated into protofi‐
brils, the measured heights (i.e., fibril diameters) range from 1.2 to 3.5 nm. The structural
information of the fibrils such as the fibril diameter and contour length depends on the protein
species. Several protofibrils can pack together to form a mature fibril (5.2 ± 0.3 nm in height).

It has been reported that different stages of amyloid aggregation (i.e., hierarchy) can be
examined by conducting a statistical analysis of acquired high-resolution AFM images [35].
β-Lactoglobulin (β-lg) fibrils are synthesized in vitro by heat denaturation at pH 2. It was
shown that the β-lg amyloid-like fibrils are considered to be a semiflexible fibril structure
(Figure 2). This means that the globular proteins (β-lg monomer) can be transformed into
semiflexible fibrillary structures. The average height and contour length of β-lg fibrils were
precisely measured by performing a statistical analysis on the AFM images. Each fibril has
contour lengths in the range of 50 nm to 10 μm with a persistence length ranging from
16 nm to 1.6 μm. These distinct structural information of fibrils make them ideal model systems
for the study of semiflexible polymers [36]. In that study, valuable structural information
concerning individual fibrils in AFM images was produced, such as splitting or thinning of
fibrils and even periodic height fluctuations of the fibrils. The periodic fluctuations in height
provide a highly important clue about the packing of the protofibrils to form mature fibrils.
Figure 2 presents AFM images of fibrils with four different periods ranging from 35 to 135 nm,
corresponding to average heights of fibrils ranging from 4 to 10 nm, respectively. Thus, the
periodicity is found to increase linearly with the height of the fibrils. These hierarchical
structures of β-lg fibrils can be represented from single to five-stranded packed twisted ribbon,
helix-like structures, which can be compared with dynamic simulations using a coarse-grain
molecular model.
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Figure 2. Different periods of β-lactoglobulin fibrils. (a) AFM height image of fibrils with a period of 35 nm (for fibrils
with a maximum height of 4 nm), 75 nm (maximum height, 6 nm), and 100 nm (maximum height, 8 nm). (b) Example
of a fibril with a period of 135 nm and a maximum height of 10 nm. (c) AFM images and corresponding coarse-grain
molecular dynamics reconstructions of left-handed helical fibril formation from the twisting of multistranded ribbons,
with the number of filaments ranging between 1 and 5. Figures reproduced with permission from Ref. [35], © 2010
NPG.

It is highly important to study initial fibrillation of amyloid proteins for developing an
inhibition method for amyloid fibrils and plaques. Although attempts with many convention‐
al methods such as fluorescent assays with dye and optical spectroscopy had been reported,
insight into the mechanisms of formation of initial fibrils at the molecular level has yet to
provide clarity. To address that issue, AFM techniques can investigate growing fibrils in
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greater detail. Figure 3 shows topological images of the β-lg fibrils acquired after 30 and
45 min incubation [37]. As the incubation time was increased, the contour length of fibrils
increased in the range from 520 to 860 nm. The two-filament packed structure was only
observed after a heating time of 30 min. But after a heating time of 45 min, fibrils of more than
two filaments were observed. From those results, AFM analysis can provide us with some
significant structural information not only topological images but also details such as height,
contour length, and periodicity from fluctuations along the fibril length. In addition, it can
show the formation characteristics of amyloid fibrils, including the critical steps driven by
nucleation and growth of individual fibrils. These findings from the use of AFM imaging may
help researchers gain understanding of the origin of fibrils and may assist with the develop‐
ment of therapeutic treatments for degenerative diseases that are generated by many differ‐
ent amyloidogenic proteins.

Figure 3. AFM height images of heated β-lactoglobulin at pH 2 and 90°C for the heating time of (a and b) 30 min and (c
and d) 45 min. Figures reproduced with permission from Ref. [37], © 2011 The Royal Society of Chemistry.

2.2. Advantages of AFM imaging of amyloid fibrils in liquid environments

As we mentioned above, AFM imaging of amyloid fibrils is strong advantageous not only in
the characterization of the structure of amyloid fibrils but also for the observation of initial
fibrillation of amyloidogenic proteins. These investigations of amyloid fibrils in ambient
atmospheric conditions by AFM imaging yield the basic understandings of the characteris‐
tics of amyloid fibrils, but all of these processes (such as fibrillation and conformation changes)
actually take place in a liquid environment (i.e., in human body fluid). In addition, the
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formation of amyloid fibrils continuously occurs in the human body, not discretely, which is
why liquid AFM is particularly important to more precisely and continuously observe to fibrils
in comparing with conventional AFM.

In the research field of amyloid fibril, real-time monitoring of fibril growth is necessary to
investigate the mechanism of amyloid fibril formation. It has been reported that the direct
observation of fibrillation of Aβ peptide on different substrates is achieved by using in situ
AFM analysis in a liquid environment [15]. They used two types of substrate: hydrophilic mica
and hydrophobic graphite. Hydrophilic mica can be considered a model of the hydrophilic
components of cell membranes such as anionic phospholipids. The hydrophobic graphite may
be used as a model of hydrophobic elements of cell membrane (e.g., lipid bilayers and
lipoprotein particles), in which elements Aβ peptide can localize in both plasma and cerebro‐
spinal fluid in vivo. An in situ AFM study of Aβ fibril aggregation was followed by continu‐
ous imaging in phosphate-buffered saline (pH 7.4, protein concentration 10–500 mM). Aβ
peptides initially were formed with pseudomicellar aggregates and then tend to form linear
structures, such as protofibrils, as the Aβ concentration was increased on the hydrophilic mica
substrate. However, Aβ peptides were formed with elongated sheets structures on the
hydrophobic graphite substrate. This difference by substrates is the distinguishable charac‐
teristics between β-sheets and α-helices. These studies show that an in situ AFM study is able
to directly observe not only the amyloid aggregation in physiological fluids but also fibrilla‐
tion driven by interactions at the interface of hydrophilic and hydrophobic substrates. It may
be helpful to understand the mechanism of formation of Aβ fibrils in membranes and
lipoprotein particles in vivo.

AFM has been employed not only to study the formation of amyloid fibrils in vitro but also to
investigate ex vivo amyloid material isolated from organs, specifically hearts, of patients. The
AFM analysis of natural amyloid fibrils produced by the Leu174Ser apolipoprotein A-I
variant (ApoA-I-LS) has been reported. ApoA-I-LS amyloid fibrils were obtained from two
different patients, and conformational changes of the fibrils in both air and liquid environ‐
ments were measured [38]. The fibrils from both patients were identified by small-angle X-ray
diffraction patterns, indicative of residual α-helical structure. In a liquid environment, it was
observed that amyloid fibrils show poor adhesion properties on a mica substrate. But, from
acquired AFM images, it was found that globular aggregates were easily adsorbed on mica.
These results revealed the existence of fibrils as well as pre-fibrillar aggregates, with com‐
mon morphologies and compatible sizes of fibrils and globules for both patients.

In addition, AFM imaging in a liquid environment is able to reveal unique and intrinsic
properties of amyloid fibrils, which cannot be seen by any other method. It has been report‐
ed that the conformations of C-terminal tails outside of the α-synuclein amyloid fibrils are
variable depending on environmental conditions by using structural information from liquid
AFM imaging, as in Figure 4 [39]. They suggested that the exposed C-terminus is unstruc‐
tured and looks like a polymer bush and that the strongly negatively charged C-terminus has
various functions and conformations with different ion concentrations (i.e., in the range of 0–
5 M NaCl). It was also observed that the height of α-synuclein fibrils imaged in air appears to
be about 17% lower than those of the same fibrils imaged in a liquid environment. This
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phenomenon is attributed to the collapse of C-terminus depending on the drying of the fibrils.
Measuring the conformational changes of the C-terminus in amyloid fibrils by AFM imag‐
ing sheds light on the estimation of the transformation of the exterior structures of amyloid
fibrils.

Figure 4. (a) Schematic representation of a fibril with stacked β-sheet folded monomers perpendicular to the fibril axis
and an unstructured C-terminus outside the fibril. (b) Different conformations of C-terminal tails outside the fibril core
in liquid conditions with different ion concentrations and in ambient air. Figure reproduced with permission Ref. [39],
© 2012 American Chemical Society.

3. PeakForce QNM (quantitative nanomechanical mapping) of amyloid
fibrils

Amyloid fibrils have been known as β-sheet-rich structures, which are consisted with dense
hydrogen-bonding networks [40]. The self-assembly aggregates can be formed with stack‐
ings of several hundreds to thousands of cross β-sheet units, a few nanometers in diameter,
and several micrometers in length. Such hierarchical structure of fibrils is highly related to
pathological meanings as well as to functional features due to their marvelous mechanical
properties, which are comparable to those of silk and/or steel [13, 41]. Characterization of
biophysical properties of amyloid fibrils has significant implications ranging from applica‐
tion to medicines and engineering for designing amyloid-based nanomaterials. To measure
biophysical properties of amyloid fibrils, although in recent decades many research results
had been reported that had been obtained by using various techniques such as optical, mag‐
netic tweezer and dynamic mechanical analysis [13], AFM techniques are commonly used
for both manipulation at the single-molecule level and force spectroscopy of nanomaterials
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(i.e., amyloid fibrils). Moreover, AFM nanoindentation has been used to study nanomechan‐
ics of amyloid fibrils [42].

AFM nanoindentation is performed by mapping force-distance (F-D) curve on the region of
interest in the sample [43, 44]. F-D curve measurement is based on the deflection theory of a
cantilever beam and the contact mechanics. The degree of nanomechanical deflection of AFM
cantilever originated from the physical interactions between the AFM tip and the sample can
be converted to the applied forces to the cantilever. When F-D curve records, the cantilever
approaches and indents the sample until a certain predefined force is reached, and then the
cantilever is retracted. During the approach and retract cycle, the force is continuously
measured, which is a F-D curve for one point of the sample (Figure 5). The mechanical
properties such as Young’s modulus, adhesion force, and deformation energies of amyloid
fibrils can be determined directly from the recorded data (F-D curve) by AFM nanoindenta‐
tion. In particular, to extract the accurate Young’s modulus of the sample from F-D curves,
contact mechanics theory is used. There are three different types of representative contact
mechanics models (Hertz, DMT, and JKR) depending on either the type of sample or the
structure of AFM tip [18]. The Hertz model presumes a nonadhesive contact between the tip
and the sample, while the Derjaguin-Muller-Toporov (DMT) and Johnson-Kendall-Roberts
(JKR) models are considered to be adhesive materials. DMT model further includes the extra
constant adhesion term, which indicates the adhesive force outside the contact area. The JKR
model demonstrates the adhesion forces inside the contact area between the tip and the sample.
Those model equations are as follows:

where F is the force, δ is the AFM indentation depth (distance), R is the radius of cantilever
tip, E* is the reduced elastic modulus, and γ is the work of adhesion. E* is calculated by the
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relationship between the elastic modulus and Poisson ratio of AFM cantilever (Ei, νi) and
sample (Em, νm).

Figure 5. The schematic illustration of F-D curve acquisition process during AFM nanoindentation. Approach (blue)
and retraction (red) F-D curves. Illustration depicts the cantilever approaching to and retracting from the sample as
follows: (1) approaching, (2) initial contact, and (3) repulsive contact. (4) Adhesion and (5) noncontact regimes record‐
ed upon retracting the cantilever and sample.

In recent decades, to measure the physical properties of amyloid fibrils more precisely and
quantitatively, PeakForce QNM technique has been developed. PeakForce QNM is a robust F-
D curve mapping technique, which is beneficial for soft delicate biological samples. It is able
to map and distinguish between nanomechanical features, including the DMT modulus
(1 kPa to 100 GPa), adhesion, energy dissipation, and deformation by utilizing PeakForce
tapping technology [45, 46]. It can acquire high-resolution topographic images and simulta‐
neously collect a quantitative mapping of the intrinsic mechanical properties of amyloid fibril.

3.1. Principle of PeakForce QNM

PeakForce tapping is one of the scanning modes, which is especially suited to applications to
the measurement of mechanical properties of biological samples [18]. In this mode, the probe
is oscillated at a low frequency (1–2 kHz), while capturing a force-distance curve (F-D curve)
plots each time the AFM probe taps on the sample by directly controlling the probe-sample
interaction. To describe the details, one cycle of the PeakForce tapping trajectory is shown in
Figure 6a [17]. During the approach to the sample, the probe begins (A) with a noncontact
force (i.e., attractive force) until contact on the sample. The Z piezo presses it downward until
the probe contacts the sample (B); the probe continuously presses until the probe reaches the
setpoint (i.e., maximum force) (C). The setpoint, which is one of the parameters of the probe-
sample interaction, is used during AFM topography. After reaching the peak force at point C,
the tip is pulled off the surface at point D, which means maximum adhesion. Finally, the curve
levels and the probe tip returns to its original position (E).
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Accurate controlling of the probe position and feedback permits calculation of several
properties from the F-D curve produced by the direct measurements simultaneously at each
pixel in Figure 6b. From this curve, the peak force is measured at point C, which is used as the
imaging feedback signal. As the probe is scanned over the surface, this signal produces a
topological image. Adhesion force is measured at D, which is calculated as the force difference
between the baseline and the minimum force value of the curve. Simultaneously, Young’s
modulus is obtained by fitting the DMT contact mechanics model to the retraction curve (at
points C to D). The dissipation information is obtained by integrating the area between the
extension and retraction curves and the deformation of the sample is calculated as the distance
between the contact point on the adhesion curve and the maximum indentation. This unique
technique is called PeakForce QNM. Compared to a typical AFM imaging method, PeakForce
QNM can simultaneously yield high-resolution AFM imaging with quantitative mechanical
property mapping. PeakForce QNM has recently emerged as a means of measuring the
intrinsic and biophysical properties of nanomaterials [47], including amyloid fibrils [17, 19].
The following section will discuss the mapping the mechanical properties of amyloid fibrils
by PeakForce QNM.

Figure 6. Principle of PeakForce QNM operation. (a) One cycle of the PeakForce tapping curve. (b) Calculation of the
different peak force channels. Figure reproduced with permission Ref. [17], © 2011 AIP.

3.2. Mapping the mechanical properties of amyloid fibrils by PeakForce QNM

In the folding process, synthesized peptide chains can be transformed into three-dimension‐
al protein structure, which has diverse functions in biological organism, through intermolec‐
ular interactions such as hydrogen and hydrophobic bonding [3, 48]. The proteins have
intrinsic mechanical properties depending on the specific amino acid sequence, lengths, and
complex environments. Meanwhile, misfolded proteins, commonly known as “amyloid
protein,” can be transformed into β-sheet-rich fibrillary structure (i.e., amyloid fibril) during
fibrillation process. Amyloid fibrils have tremendous mechanical properties (a few GPa),
implying a comparatively high stiffness. Moreover, it displays structural polymorphism,
including twisted ribbons, helical ribbons, and nanotube structure [19], which is supposed to
show a difference in mechanical properties. Amyloid species (amyloid proteins and fibrils)
can be accumulated and deposited in the human body, which is associated with proteogly‐
cans, in particular, heparan sulfate proteoglycans [48, 49]. These findings raise the question
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about the underpinning nature of the correlation between the mechanical properties of
amyloid fibrils and its pathological roles in living systems as well as the use of fibrils as
nanoscale materials.

PeakForce QNM has emerged as mechanical property mapping variant of AFM nanoinden‐
tation that had been used for several decades. PeakForce QNM has been used to measure the
Young’s modulus of β-lg fibrils deposited on mica [17]. It is of importance to measure the
mechanical properties of β-lg fibrils because they have been used to make new nanomateri‐
als by mixing with nanoparticles and nanowires for applications in various research fields.
Using PeakForce QNM, the average height of the fibrils was measured to be 2.5 ± 0.5 nm and
DMT modulus images were concurrently acquired. The Young’s modulus of β-lg fibrils was
estimated to be 3.7 ± 1.1 GPa. This result from PeakForce QNM analysis is similar to that of a
previously reported Young’s modulus of insulin fibrils (~3.3 GPa).

Amyloid fibrils can be generally formed with many different proteins such as Aβ (1–42), α-
synuclein, albumin, etc., which have pathological and functional meanings. These fibrils often
exhibit structural polymorphism due to interweaving of the several protofibrils. It has been
demonstrated that amyloid fibrils appear in various structures such as ribbon-like and
nanotube-like packed fibrils. PeakForce can precisely measure the Young’s moduli of several
amyloid fibrils, assembled from α-synuclein, Aβ (1–42), tau protein, insulin, β-lg, lysozyme,
ovalbumin, and bovine serum albumin fibrils, as in Figure 7 [19]. In addition, it demonstrat‐
ed that PeakForce QNM can provide us some clues regarding structural polymorphism of
amyloid fibrils by the exact estimation of Young’s modulus. The measured Young’s modu‐
lus values are twisted ribbon structure, 2.3 ± 0.6 GPa, and helical ribbon and nanotube
structures, 2.3 ± 0.7 GPa and 2.4 ± 0.5 GPa, respectively. They also measured the value of
Young’s modulus for insulin amyloid fibrils (3.2 ± 0.6 GPa), which is very similar to that of a
previously study of insulin (3.3 ± 0.4 GPa).

Recently, amyloid fibrils have attracted great attention because of outstanding features based
on their mechanical properties as nanomaterials. To investigate the potential of amyloid fibrils
as biomaterials, it is important to understand the mechanism of the fibrillation process and to
quantify the mechanical properties. By performing the PeakForce QNM technique, the
mechanical properties of the Aβ-42 fibrils during the fibrillation process have been meas‐
ured, as in Figure 8 [21]. The Young’s modulus of the oligomers, protofibrils, and mature Aβ-42
fibrils was evaluated. During fibrillation, in which oligomers grow into protofibrils and then
finally formed mature fibrils, the mechanical property (i.e., Young’s modulus) increased.
Hydrogen bonds between β-sheets may need to be reckoned with when one tries to deter‐
mine the mechanical properties of amyloid fibrils. The changes in β-sheets in oligomers,
protofibrils, and mature fibrils may have effects on the mechanical properties during the
fibrillation process. These results could be of great significance for the elucidation of the
mechanical properties of amyloid fibrils for the planning of new material strategies.
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Figure 7. AFM height image of (a) twisted ribbon, (d) helical ribbon, and (g) nanotube-like structures of the end-cap‐
ped heptapeptide CH3CONH-βAβAKLVFF-CONH2. AFM DMT modulus image of (b) twisted ribbon, (e) helical rib‐
bon, and (h) nanotube-like structures. The dashed lines mark the positions at which the DMT modulus was analyzed.
Profiles of DMT moduli along (c) twisted ribbon, (f) helical ribbon, and (i) nanotube-like structures. The data were ob‐
tained by the analysis of 20 fibrils for each type. Figure reproduced with permission Ref. [19], © 2012 The Royal Society
of Chemistry.
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Figure 8. Evolution of the Young’s modulus of Aβ-42 during the fibrillation process. DMT modulus AFM images of
oligomers at 0 h (a), protofibrils at 48 h (b), and fibrils at 72 h (c). Distribution of the measured Young’s modulus for
oligomers (d), protofibrils (e), and fibrils (f). Figure reproduced with permission Ref. [21], © 2015 Wiley-VCH Verlag
GmbH & Co. KGaA.

4. Kelvin probe force microscopy (KPFM) of amyloid fibrils

The amyloid fibril has been implicated in the various neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, Creutzfeldt-Jakob’s, and Huntington’s diseases [1–3], but the
molecular mechanism of an amyloid toxicity is still debated [49–51]. To address this issue,
scientists have investigated different possibilities for molecular behavior of amyloid-form‐
ing proteins that are correlated with the amyloid toxicity mechanism [52–54]. The leading
proposed mechanism of the amyloid toxicity refers to the electrostatic interactions between
the lipid membrane of cells and amyloid oligomers/fibrils (i.e., cytotoxicity) [55–57]. In
addition, the electrostatic forces play important roles in the accumulation of proteinaceous
aggregates as amyloid plaques or Lewy bodies. Therefore, the measurement of electrical
properties of amyloid fibrils offers a new insight into the mechanism of amyloid fibril
formation and toxicity.

KPFM has been considered as a powerful instrument for detecting the electrical properties of
nano/biomaterials including molecules [58–62] by mapping the surface potential (the work
function) of them. KPFM is carried out by a conducting AFM probe, which ascends to lift scan
height. While the probe scans a sample surface of interest, a potential offset between the tip
and the surface is recorded at each point of the scanned area. Furthermore, a high spatial
resolution of KPFM is attributed to highly sharp conducting AFM tip by measuring the local
contact potential difference (CPD) between the tip and the sample (Figure 9). Accordingly,
KPFM has recently been used for characterizing the surface potential of amyloid fibrils [20, 23,
63] to unveil the molecular mechanism governing amyloid fibril formation and toxicities.
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Figure 9. A schematic illustration of Kelvin probe force microscopy (KPFM) method for the measurement of electrical
properties of material.

4.1. Principle of KPFM

In KPFM studies of mapping the surface potential, the surface potential of the materials is
measured by the CPD between the material surface and the KPFM conducting cantilever tip,
where the CPD is the variation in work function between different surfaces (the material
surface and the tip) [58]. The CPD of two materials is determined, depending on their
electronic/electrical characteristics. The characterization of the CPD is able to use not only for
measuring the work function of metallic material and semiconductor surfaces but also for
mapping the surface potential of biomolecules such as various proteins [64], DNA molecules
[59, 60], and amyloids [20, 23, 63].

The hardware system of KPFM is founded upon the principle of the Kelvin method, which is
a standard measurement method of the determination the CPD [65] (this is a reason why KPFM
applies the term “Kelvin”). In the Kelvin probe method, the CPD (VCPD) between two differ‐
ent materials is plainly defined as

1 2-
=

-CPDV
e

j j
(1)

where φ1 and φ2 are the work functions of two different materials (in KPFM, φ1 = φtip and
φ2 = φsample) and e is the charge of an electron. The probe, which consists of material with a
known work function, is aligned to the sample surface for forming a capacitor. The reference
electrode probe is vibrated, causing a variation in the capacitance between two plates, resulting
in an electric current i(t) and the generated current is given by

( ) cosCPDi t V C tw w= D (2)

where ω is the frequency of vibration, ΔC is the change of capacitance, and VCPD is the contact
potential between the probe and the sample surface. VCPD is measured by applying an
contrasting external DC (direct current) bias voltage (VDC), which is varied until the i(t) is
minimized.

The fundamental KPFM system is similar to the Kelvin method [65]. Mapping the surface
potential of a material using KPFM, an electrostatic force (FES) via the VCPD between a KPFM
conducting tip and a material, is caused by an AC (alternating current) voltage VAC with a DC
offset bias VDC which is applied between a tip and a material [66]. The FES between the tip and
sample is defined as
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where x is the distance between the KFPM conducting tip and a material. The electrical force

component with frequency ω (related to differential value of “(VDC ± VCPD) VAC sin ωt”) is

obtained from the PSD) signals through a lock-in amplifier. A feedback controller applies the

VDC to the KPFM system until the electrical force component with frequency ω is minimized.

Accordingly, VCPD between a KPFM conducting tip and a material is determined based on

altering the DC offset bias VDC.

4.2. Mapping the surface potential of amyloid fibrils

As mentioned above, the evaluation of electrical properties of amyloid fibrils would offer a

better understanding of the mechanism of amyloid fibril formation and toxicity. To date,

some of researchers have reported KPFM analysis for quantitative estimation of electrical

properties of amyloid fibrils. It has been reported that synthesis of the amyloid-β-(25–35)

peptide (Aβ25–35) (with sequence GSNKGAIIGLM) fibrils and KPFM analysis of them [67].

Although the major components of neurotic plaque found in AD are 10-to-42-residue-long

Aβ peptides (Aβ1–40/Aβ1–42), shorter fragments of peptides are also involved, such as Aβ25–35.

It has been reported that Aβ25–35 can form readily β-sheet aggregates and is toxic to neurons.

The surface potential analysis of Aβ25–35 fibrils was performed by KPFM. The samples were

prepared for KPFM imaging by depositing the solutions on chemically cleaned silicon (Si)

substrates, and KPFM records were made for both the sample topography and the phase shift

by using a two-pass method, namely, lift mode KPFM. It was found that the five fibrils have

almost the same CPD values, which are about −10~ to −15 mV relative to the Si substrate. By

calibrating the work function of cantilever tip, the work function of the Aβ25–35 fibril was

determined to be about 4.62 eV. However, the main thrust of this study is the surface potential

analysis in regards to the interaction of gold nanoparticles (AuNPs) with Aβ25–35 peptides,

which we shall mention further on.
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Figure 10. AFM and KPFM images of β-lactoglobulin amyloid fibrils. In each image of AFM topography (panel a) and
surface potential (panel b), the white arrow shows a single amyloid fibril. A blue arrow indicates the location of amy‐
loid fibril, at which the transverse profile of surface potential and topography were obtained. In the profiles of both
topography and surface potential at longitudinal direction. Figures reproduced with permission from Ref. [20], © 2012
AIP.

Recently, β-lg has attracted much interest as an alternative amyloid precursor to be used to
investigate the fibrillation mechanism and to fabricate various composites because of its
inexpensive price and easy fabrication. The electrical properties of the β-lg fibrils using KPFM
have been studied, which was the first attempt to visualize mapping the surface potential
distribution of a single amyloid fibril [20]. As shown in Figure 10, the surface potential of the
fibril is positive (e.g., ~12 mV) since the pH of a buffer solution is lower than the isoelectric
point (pI) of β-lg (pI ~ 5.0). Interestingly, it is found that the surface potential profile of the
fibril is critically dependent on the fibril diameter and periodicity, which implies that the
surface charge distribution of amyloid fibril is closely related to its conformation. This report
demonstrated that KPFM is able to accurately obtain the surface potential of the amyloid fibrils
with their conformational structures. Moreover, KPFM was shown to have the possibility of
being usable as a detection platform for peptide identification of amyloid fibrils because KPFM
measurement has proven to be powerful enough to detect a delicate difference of the surface
potential.

4.3. Quantifying the electrical properties of amyloid fibrils in different environments

For understanding electrostatic interactions between various nano/biomaterials and amyloid
oligomers/fibrils, or the accumulation of proteinaceous aggregates as amyloid fibrils/pla‐
ques, many researchers have reported quantifying the electrical properties of amyloid fibrils
in different environments. In recent decades, nanomaterials, especially nanoparticles, have
been increasingly applied in biomedicine for therapeutic and diagnostic purposes [68–70]. In
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particular, AuNPs have been widely used in the field of chemistry and biomedical science [71–
73] due to their electronic [74] and molecular-recognition properties [75]. Due to the proper‐
ties of AuNP, it has been found that the AuNPs can either promote or inhibit the aggrega‐
tion of Aβ proteins, depending on the size and functionality of AuNPs or the pH value of the
solution. As mentioned above, the surface potential analysis on the interaction of AuNPs with
Aβ25–35 peptides has been studied [67]. To investigate the effect of AuNPs on fibrillation, Aβ25–

35 peptides were incubated with AuNPs at room temperature for 5–12 days. KPFM was used
to record both the sample topography and the surface potential of AuNPs with Aβ25–35 fibrils.
From the KPFM images, it was found that the CPD values of the AuNPs are about −0.7 to
−1.1 V, whereas the value for pure Aβ25–35 peptide fibrils was about 4.62 eV. Via calibration of
the work function of cantilever tip, the work function of the AuNPs is obtained as about 4.95–
5.20 eV. The work functions of fibrils connected by AuNPs are about 4.78 eV, slightly different
from the pure fibrils, which difference may be induced by the local electric fields modified by
the presence of AuNPs. From the results, it can be suggested that the presence of AuNPs in
Aβ25–35 solution has a significant influence on protein aggregation and on their electrical
properties. This report demonstrated that it is plausible to suggest that KPFM will be quite
useful for monitoring the conformational change and the electrical properties of the amyloid
fibrils during self-assembly with nanomaterials.

To precisely investigate the mechanism of amyloid fibril formation, it is necessary to quanti‐
fy the electrical properties of amyloid fibrils synthesized at different chemical environments.
In the fibrillation of amyloid fibrils, the pH condition is one of the most important regulat‐
ing chemical factors. It has been reported that the surface potential distribution of β-lg fibril is
variable as a function of the pH of a buffer solution [20]. As mentioned above, the surface
potential of amyloid fibril is critically dependent on the conformation of amyloid fibril.
Therefore, the authors have defined the point charge density as related to the surface poten‐
tial of β-lg fibril per unit fibril thickness: α(x) ≡ σmax(x)/dmax(x), where σ(x) is the measured surface
potential and d(x) is the diameter of an amyloid fibril [20]. It is shown that a parameter α(x) is
varied with respect to pH and that α(x) becomes zero at pH ~ 4.7, indicating that the pI value
of β-lg fibril is given by pI = 4.7 (Figure 11a). The surface potential of amyloid fibrils ranged
from 12 mV (pH ~ 2) to −12 mV (pH ~ 7), depending on the pH of the buffer solution. For precise
observation of the β-lg fibril’s structure, the authors presented high-resolution KPFM images
of single amyloid fibril for pH 3 < pI (~5.0) and pH 6 > pI (Figure 11b). With pH 3, they have
found pristine β-lg protofilaments; with pH 6, the β-lg fibril had a complex structure of β-lg
oligomer-binding protofilaments that had irregular topological height. It was remarkably
observed that the pH-dependent electrostatic property of amyloid fibril was responsible for
binding affinity between the amyloid small aggregates and the amyloid fibrils.
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Figure 11. (a) The surface charge distribution of amyloid fibril as a function of the pH of buffer solution in which amy‐
loid fibril is prepared. The isoelectric point (pI) value of amyloid fibril is determined in such a way that the pH value,
at which surface charge distribution becomes zero, is identical to pI value. (b) AFM topography and surface potential
images of β-lg amyloid fibrils when they are prepared in buffer solutions, whose pH values are pH 3 and pH 6, respec‐
tively. All scale bars are 250 nm. Figures reproduced with permission from Ref. [20], © 2012 AIP.

Moreover, in recent studies of amyloid fibril with AFM, some of scientists have reported about
various structural features of amyloid fibrils such as steric zipper pattern [76, 77], helical
pattern [48], and length [78], which is a key design parameter that determines the material
properties of amyloid fibrils. Nevertheless, it is not quite understood yet how the molecular
structures and conformational diversity (heterogeneous conformations) of amyloid fibrils are
regulated.

To figure out how amyloid fibrils with heterogeneous conformations are formed, the synthe‐
sis of the β-lg fibrils with microwave-assisted chemistry method is considered, which enables
the acceleration of biochemical reactions, and performed KPFM analysis of them [63]. It has
been reported already that the microwave-assisted chemistry for the synthesis of amyloid
fibrils makes the acceleration of fibrillation possible. The mechanism of amyloid fibrillation
under microwave irradiation is still debated, but it seems to be related to the enhanced collision
frequency due to the microwave-driven temperature changes of the protein solution. The
temperature of the β-lg protein solution is rapidly increased by rotating water molecules
through microwave irradiation. As such, microwave-assisted chemistry accelerates speed of
chemical reactions regarding fibrillations of the β-lg proteins within a few hours (even less
than an hour) [79]. It is a remarkable result compared to the classical (conventional) heating
method which generally requires long incubation time (several hours) and a large volume of
protein solution. However the results of this study show that microwave-assisted chemistry
not only allows the acceleration of fibrillation but also enables tuning of the β-lg amyloid fibrils
by controlling the microwave irradiation time τ, the time interval for irradiation λ, or the
number of irradiations N. It was remarkably observed that a stable protein aggregation is
produced in the fibril structure that depends on λ.

Figure 12 represents the topographic and surface potential images of amyloid fibrils that were
synthesized based on microwave-assisted chemistry and their conformational heterogenei‐
ties. From these results, it is obvious that except for λ = 60 s, the surface potential and the fibril
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diameter of β-lg amyloid fibrils increase in monotone fashion as λ increases. This result
revealed that heterogeneous conformations of β-lg amyloid fibrils are due to the wave-driven
change of electrostatic interaction, which has a critical impact on the radial growth mecha‐
nisms of amyloid fibrils. As described above, KPFM indeed was a good analytical tool for
monitoring the conformational change and the electrical properties of amyloid fibrils with
respect to microwave-assisted chemistry.

Figure 12. (a) AFM images of amyloid fibrils that are synthesized based on microwave-assisted chemistry using differ‐
ent λ values. (b) KPFM images of the fibrils formed using different λ values. (c) Distribution of surface charges for
amyloid fibril as a function of its diameter. The surface potential of an amyloid fibril is almost linearly proportional to
its diameter. Figures reprinted with permission from Ref. [63], © 2015 NPG.

5. Conclusion and perspectives

As we surveyed above, because of the marvelous capabilities of the conventional AFM device,
it and its extensions as liquid AFM, PeakForce QNM, and KPFM have been widely used to
perform accurate measurements of mechanical, electrical, and biophysical properties of
various amyloid fibrils. AFM applications can provide researchers with the strong advant‐
age of being able to measure the surface potentials of nanomaterials at the single-molecule
level. Moreover, it has been demonstrated that AFM applications enable monitoring the
fibrillation behavior of various proteins by measuring morphological properties of amyloid
fibrils in air or liquid environments. The changes in morphology of the fibrils indicated that
amyloid fibrils can be changed morphologically in liquid environments (e.g., human body)
and that implies amyloid fibrils would interact differently with other biomolecules, cells, and
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tissues in human body. Liquid AFM enables measurement of the characteristics of amyloid
fibrils in situ by monitoring the fibrillation and conformation changes of amyloid fibrils.
Furthermore, AFM application techniques usually require no labeling with chemical dyes and
no chemical reagents for improving the image quality or contrast. Accordingly, AFM is able
to get high-resolution images of amyloid fibrils for the detection of conformational changes,
by topological imaging in air and liquid environments. We dealt with PeakForce QNM that
can simultaneously measure several mechanical properties of amyloid fibrils such as Young’s
modulus, deformation, and adhesion force by using a precisely operating oscillating probe.
With a Kelvin probe, KPFM is highly important for imaging and characterizing the electrical
properties (i.e., surface potential and surface potential density of amyloid fibrils) while getting
high-resolution topological imaging. Because of these advantages, AFM application is
expected to attract much attention as an analytical tool for amyloid research in the future. These
AFM-related results shed light on understanding the fibrillation of amyloidogenic proteins
and will be the cornerstone for the development of not only the effective prevention meth‐
ods for amyloidogenic diseases but also therapeutic agents and drugs. These approaches could
also contribute to the development of amyloid fibril-based functional nanomaterials such as
biocompatible adhesives [80, 81], solar-cell devices [82], and gene delivery systems [83].
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