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Abstract
Harnessing electrical bias-induced mechanical motion on the nanometer and molecular scale is a
critical step towards understanding the fundamental mechanisms of redox processes and
implementation of molecular electromechanical machines. Probing these phenomena in
biomolecular systems requires electromechanical measurements be performed in liquid
environments. Here we demonstrate the use of band excitation piezoresponse force microscopy for
probing electromechanical coupling in amyloid fibrils. The approaches for separating the elastic and
electromechanical contributions based on functional fits and multivariate statistical analysis are
presented. We demonstrate that in the bulk of the fibril the electromechanical response is dominated
by double-layer effects (consistent with shear piezoelectricity of biomolecules), while a number of
electromechanically active hot spots possibly related to structural defects are observed.
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Introduction
Development of nanoscale systems capable of “acting” on the nanoscale is rapidly emerging
as one of the prominent directions in the nanoscience.1–4 While silicon-based electronics is
now projected to scale down to sub-10 nm level,5 control of mechanical motion on these length
scales presents an unresolved problem. A number of concepts based on optical,6–11 chemical
2, 12, 13 (including biological ATP-fueled motors) and electrical powering 14, 15 are being
explored. Among all potential applications, electrically-driven molecular machines are
emerging as primary candidates due to the fast operation unlimited by achievable photon
densities or diffusion of chemical species. These machines can be considered as a natural
evolution of molecular electronic concept to include manipulation and motion. 2, 16–21.

The examples include molecular nanocars 4 and molecular electromechanical machines. At
the level of molecular assemblies, these include artificial muscles.2, 3 Despite the universally
recognized role of electromechanical coupling in nanoscale systems manifesting themselves
in changes of molecular shapes under electric field or during redox processes, the mechanisms
of such phenomena until now have been inaccessible to experimental studies. The reason for
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this dearth of understanding is three fold and stems from (a) the need to establish a good
electrical contact to molecule or molecular assembly, (b) the need to detect the resulting
displacements and (c) the need for imaging in liquid environment. The latter requirement stems
both from natural limitations inherent in unfolding spectroscopy 22 and the desire to mimic the
natural functions of biological molecules and to control the performance at the molecular level.
Thus, the tools to probe electromechanical activity on the molecular level are desperately
needed.

In the last decade, significant progress in understanding of electromechanical coupling on the
nanoscale has been achieved with the development of Piezoresponse Force Microscopy (PFM).
23 Utilizing the intrinsic coupling between the electromechanical response of material and
polarization order parameter, PFM has been broadly used to image domain structures down to
~3–10 nm resolution,24–27 study the mechanisms for domain nucleation and growth,28 and
probe the mesoscopic mechanism for wall-defect interactions 29 and defect-mediated
nucleation.30, 31 Recently PFM imaging of biological systems in ambient environment,
including calcified tissues with ~sub 10 nm resolution has been demonstrated.32 In parallel,
PFM imaging 25 and switching 33 of ferroelectrics in liquids has been demonstrated. However,
much lower electromechanical response of biological materials (1–3 pm/V, as compared to
10–1000 pm/V for perovskites) combined with (a) much lower sensitivity of PFM in liquid
due to viscous damping and added mass effects and (b) limitation on large voltage amplitudes
have until now made the electromechanical imaging of biological and biomolecular systems
in liquids impossible.

Here we report the measurements of electromechanical coupling in a prototypical biomolecular
system – amyloid fibrils. Previously, the mechanical properties of fibrils 34–39 and their internal
structure 40, 41 have been studied in order to elucidate the mechanisms of their formation and
their role in amyloidosis,42, 43 diabetes,44–46 Alzheimer’s Disease.47, 48 In this work, we
studied amyloid fibrils as a preparation step in understanding electromechanical coupling in
live biological systems such as bacteria and cells. Specifically, we use the fibrils as a model
soft system to study electromechanical coupling in liquid environment. In all studies to date,
electromechanical response could not be unambiguously deconvoluted from the electrostatic
interactions and contrast variations due to response variations in frequency dispersion of
cantilever transfer function (i.e. topographic cross-talk 49). Here we use band excitation PFM
(BE-PFM) 50 technique to measure electromechanical response of amyloid fibrils on mica and
correlate it with the mechanical properties of the fibrils. We show that the mechanical properties
of the fibril and the double layer at the fibril - water interface is responsible for the
electromechanical response; however, a number of hot-spots corresponding to regions with
enhanced electromechanical activity can be observed.

Electromechanical imaging in ambient and liquid environment
The amyloid fibrils were prepared using standard protocols 34 as described in the Methods
section. Electromechanical response was probed using Piezoresponse Force Microscopy
(PFM). In single frequency PFM, an oscillatory bias Vtip = V0·sin(ωt) is applied to the probe
and electromechanical response is detected as a first harmonic of bias-induced tip
displacement.49 As a logical extension of single frequency PFM, band excitation PFM utilizes
the electrical excitation performed using broad band excitation signal containing multiple
excitation frequencies and the mechanical response measured over the same frequency band
as excitation signal.50, 51 Both of these techniques were used in our work for the
characterization of the electromechanical coupling in amyloid fibrils.
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Single frequency experiments
Spatially resolved mechanical response of amyloid fibrils to electrical excitation in air and in
water are compared in Fig. 1. The width of the fibrils was found to be approximately the same
in air and water, while the height illustrated a profound change from ~12 nm in water to ~ 3
nm in air. There are several possible reasons for this discrepancy, including dehydration of the
fibrils in air and mechanical deformation of the fibril due to the larger tip-surface and fibril-
surface adhesion forces inevitable for imaging in air. The minimum tip – sample force for
imaging in air is ~ 100 nN, because of the capillary forces between the tip and the surface.
Imaging in liquid environment allows for better control of the tip – sample force. We used 0.15
nN tip – sample force for our liquid measurements. The difference in indentation force in air
and liquid is most likely responsible for the change in height. The indentation depth on amyloid
fibrils in air is about 20 nm, while in liquid it is only 0.25 nm (see Table 1), thus, the amyloid
fibril should appear several tens of nm lower, when imaged in air comparing to one imaged in
liquid. The differences in amplitude and in phase of PFM signal between the fibril and the
substrate is clearly visible both in ambient and in liquid environment. In ambient (Fig. 1(a),
(b), (c)), amplitude and phase of PFM images show non-uniform contrast. The amplitude is
larger on the left side of the fibril compared to the right side, and the phase is smaller on the
right side of the fibril. There are at least two possible explanations for this behavior: the
electromechanical properties of the fibril are non-uniform (left side has higher
electromechanical response) or the error of the microscope’s feedback and surface tracking
increases when the tip approaches boundary between substrate and fibril. Experiments in liquid
(Fig. 1(f), (g)) do not show such non-uniformity of electromechanical response indicating that
left and right sides of the fibrils have similar electromechanical properties. In our experiments
the tip approached the fibril from the left side (the scanning was done from left to right) leading
to the increase in the microscope’s feedback error on the left side of the fibril. Thus, it is logical
to conclude that microscope’s feedback error along with other sources of errors makes a
significant contribution to the contrast in Fig. 1(b), (c). In liquid the tip also scanned the area
from left to right, and in this case the contrast in the amplitude and phase of PFM is similar on
the left and right side of the amyloid fiber indicating that the contribution of the feedback error
to the image is rather small. The almost three orders of magnitude decrease in tip indentation
force for measurements in liquid compared to ambient measurements is most likely responsible
for this difference. PFM amplitude and phase show structural features within the fiber (Fig. 1
(f), (g)). Comparison of the images of the fibril’s topography and PFM amplitude and phase
(Fig. 1(d), (e), (f)) indicates that changes in electromechanical contrast follow the changes in
fibril height. In order to give a proper explanation of the contrast in our electro-mechanical
measurements, it is important to remember, that PFM signal in is a convolution of several
factors, most notably the electromechanical properties of the sample, electrostatic coupling
between tip and the surface, contact mechanics of tip-surface junction and cantilever
mechanics.52–54

The dependence of single frequency piezoresponse as a function of the ac amplitude of tip
voltage is shown for the mica and amyloid fiber measured in air (Fig. 2(a)) and in liquid (Fig.
2(b)). There are two mechanisms resulting in the linear dependence of the piezoresponse as a
function of the ac amplitude of tip voltage, such as electro-mechanical properties of the sample
or electrostatic coupling between tip and the surface.55 In liquid electrostatic coupling should
be screened at the distances larger than Debye length (~ 10 nm in water with pH 7 if no
electrolytes are present), the fact that similar behavior of piezoresponse observed in liquid as
well as in air suggests that the main part of the piezoresponse signal should come from the
electro-mechanical properties of the sample.

In our experiments we measure the mechanical response of the tip coupled to the surface, which
has large frequency dispersion with several apparent resonance frequencies, quality factors for
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these frequencies, etc. Mechanical resonances of the tip – surface system are determined by
electromechanical properties of the sample (amyloid), tip – surface contact properties and tip
properties. All the factors listed above contribute to the PFM signal and single frequency
measurements do not provide enough information to determine the main factor responsible for
PFM contrast. To establish the origins of the contrast in an amyloid fibril – the variation of
elastic properties of electromechanical response – we have used the band excitation PFM as
described below. Band excitation PFM allows us to probe frequency dependence of the
electromechanical response and, thus, to characterize the tip – surface contact resonance in
much greater detail than single frequency measurements.

Band excitation PFM as a method for elimination of topographical cross-talk
in electromechanical coupling measurements

The main source of the ambiguity in electromechanical measurements is the change in elastic
properties between the fibril and mica, which results in the variation of tip-surface spring
constant and hence in the effective resonant frequency. For single frequency electromechanical
measurements the amplitude of the response is a convolution of the electromechanical coupling
signal and the error signal from the shift of the contact resonance spectrum. In order to
deconvolute an electromechanical signal from a signal arising from the changes in contact
resonance parameters the whole frequency spectrum needs to be collected instead of a single
frequency point.

Mechanical response of the amyloid-on-mica sample in a frequency range around tip – surface
contact resonance (50 – 280 kHz) was collected using the band-excitation method. The
mechanical resonance was excited by a broad band (50 – 280 kHz) electrical signal of constant
amplitude of 10V (Materials and Methods). Fig. 3(a) shows the electromechanical response of
amyloid fibrils on mica. This response has a complicated structure with several resonance peaks
that can be analyzed using statistical methods56 or functional fit.

Multivariate statistical analysis of BE data
The band excitation method allows collecting full amplitude- and phase-frequency response
spectra at each point of the sample surface. As is usual for imaging in liquids, the response in
the 50–300 kHz range contains multiple response peaks related to both intrinsic materials
responses and non-idealities in the cantilever and holder transfer functions. To avoid the
uncertainty in data interpretation and establish the veracity of the fitting procedure, we analyze
spectroscopic BE data using principal component analysis (PCA).56,57,58 The spectroscopic
image of N×M pixels formed by spectra containing P points is represented as a superposition
of the eigenvectors wj,

(1)

where aik ≡ ak(x,y) are position-dependent expansion coefficients, PRi(tj) ≡ PR(x,y,ωj) is the
image at a selected time, and ωj are the discrete frequencies at which response is measured.
The eigenvectors wk(ω) and the corresponding eigenvalues λk are found from the covariance
matrix, C = AAT, where A is the matrix of all experimental data points Aij = PRi(ωj), i.e., the
rows of A correspond to individual grid points (i = 1,.., N · M), and the columns correspond to
frequency points, j = 1,.., P. The eigenvectors wk (wj) are orthogonal and are chosen such that
the corresponding eigenvalues are placed in descending order,λ1 > λ2 >…..

The spatial maps of the first six PCA components (loading maps) of the piezoresponse data
arrays and the corresponding eigenvectors and eigenvalues are shown in Fig. 3(a). Notably,

Nikiforov et al. Page 4

ACS Nano. Author manuscript; available in PMC 2010 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the first 3 loading maps show pronounced spatial structure with the varying level of details.
The PCA 1 map shows strong variation of contrast between the fibril and the surrounding mica,
but very small contrast within the fibril. The PCA 2 map shows both strong variation of contrast
between fibril and mica, and significant and clearly visible features within the fibril. Finally,
the PCA 3 map shows a number of visible “hot spots” within the fibril, but only limited contrast
between fibril and mica. These spots are also visible in the PCA 4 map. In comparison, the
PCA 5 map is essentially structureless, and PCA 6 map shows the slope drift from the top left
to bottom right corner of the image. The shape of λk (k) dependence (Fig. 3(d)) indicates that
the first 3 PCA components contain the ~90% of significant information within the 3D spectral
image, whereas remaining P − 5 components are dominated by noise. Based on the behavior
of the Fig. 3(b), 3(c) plots and spatial correlations in the loading maps, the PCA maps 1–4 and
6 contain the significant information within the image.

Note that the PCA analysis is a purely statistical method and does not employ any assumption
regarding the underlying physical behavior, ensuring its fidelity. However, in many cases the
approximate interpretation of the data can be achieved based on the shape of corresponding
eigenvector, wi(ωj), and simple physical model.56 The first eigenvector represents the gross
difference in the electromechanical response amplitude between fibril and mica (note the
similarity between the eigenvector and the overall response). The second and third eigenvector
are reminiscent of the derivatives of the first one, and can be identified with the resonance
frequency shift, i.e. variation of stiffness within the fibril. The 5th eigenvector is essentially
noise-like, as expected. Finally, the 6th eigenvector represents the creep of resonance frequency
(e.g. due to the changes in hydrodynamic damping induced by the changes in tip-surface
separation).

The PCA analysis allows establishing the presence of the pints with anomalous response (“hot
spots” in PCA 3 and 4 maps). The corresponding amplitude-frequency curves averaged over
these locations are shown in Fig. 3(e), demonstrating the significant increase of
electromechanical response amplitude in these regions.

Functional fitting
To quantify the BE data, we use a damped harmonic oscillator (DHO) model, which provides
a reasonable fit for each of the resonance peaks as well as a clear physical meaning of all
parameters calculated from the spectra; we also performed principle component analysis of the
experimental data (for the protocol see ref. 56) and found that the system has three linearly
independent variables similar to the number of variables DHO has. The DHO model (Eq. (3))
describes the movement of an object with mass m at the end of a system of a spring and a
damper connected in parallel as a function of time after the object was displaced from the
equilibrium position:

(3)

where m is the mass of the object, x is the displacement of the mass, t is time, ω0 is the angular
resonance frequency  is the damping ratio (ξ = c/2mω0), k is stiffness of the
spring, and c is mechanical losses in the system (damping coefficient). In band excitation PFM
the driving electrical band of frequencies is chosen to be around the mechanical resonance of
the tip – surface system. Thus, the amplitude and phase spectra as a function of frequency
provide characteristic parameters, such as resonance amplitude, resonance frequency and
quality factor of the tip – surface resonance. Such an experimental set-up and analysis technique
allows us to measure parameters of the electromechanical coupling between the tip and the
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sample. Note that the DHO model has 3 independent parameters, which is close to the estimated
by the PCA analysis (strong variability in PCA 1–3 maps, except for “hot spot” regions).

The resonance frequency of the tip – sample contact is proportional to the contact stiffness,
which in turn is related to the Young’s modulus and the contact area (Eq. 4)

(4)

where k2 is the contact stiffness, a is the radius of the contact, and Y is the indentation modulus
of the material.

In this description, the resonance amplitude of the electromechanical coupling is a measure of
electromechanical coupling free from topographical artifacts, because the changes in contact
stiffness are compensated by the resonance frequency tracking. Quality factor is the measure
of energy dissipation during the conversion of electrical energy into mechanical energy.
Finally, resonance frequency is a measure of the local elastic properties of material.

Spatially resolved measurements of resonance frequency (determined as functional fit of each
spectrum with single damped harmonic oscillator) (Fig. 4(c)) show that the resonance
frequency of tip-surface contact varies over a wide range (~15 kHz) within the amyloid fibril,
while the amplitudes of piezoelectric responses of the amyloid fibril is almost constant (Fig. 4
(b)).

Experiment shows that tip – mica and tip – amyloid contacts have resonance frequencies and
quality factors of 195 kHz and 4.9, and 185 kHz and 4.4, respectively. Such a small difference
in quality factor (less than 15%) of amyloid fibril and mica suggests that the mechanism for
electromechanical coupling is the same for these two materials. Under the experimental
conditions the change in quality factor alone cannot explain the change in resonance frequency
(in DHO model the resonance frequency and the quality factor are connected by the equation

), thus, the change in contact stiffness definitely affects the resonance
frequency.

Table 1 shows indentation depth, contact radius and contact stiffness for ambient and liquid
measurements estimated using the Hertzian model of the tip – surface contact using tip radius
of 40 nm, Poisson ratio of 0.3 for mica and amyloid, and indentation forces of 100 nN (ambient)
and 0.15 nN (liquid). The Hertzian model was used as the simplest model for tip – surface
contact with the least amount of free parameters. All parameters used in modeling are close to
those used in experiment. The large differences in Young’s modulus and contact stiffness
between amyloid and mica explain the difference in observed contact resonance frequencies.
Also the large indentation depth of the amyloid fibril in air explains the difference in the
measured height of the fibrils in air and liquid.

The nature of electromechanical coupling in amyloid – mica system
Both mica and amyloid fibers are materials with small intrinsic piezoelectric effect. Mica is
centro-symmetric, and hence bulk piezoeffect is zero, although surface electromechanical
responses are possible.60 In amyloid fibrils, as in other biomolecular systems, the shear
piezoeffect is expected.61 In this case for ideal fibril orientation the vertical PFM response is
expected to be zero, with defects and structural irregularities providing regions with non-zero
signal.

In addition to materials-related mechanisms, reproducibly observed electromechanical
couplings between the metal-coated tip and amyloid-and-mica surface may involve
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• double layer coupling

• dipole reorientation

The exact equation for double layer coupling 62 model for electromechanical response d33 (the
quantitative measure of the piezoelectric response in the direction perpendicular to the sample
surface). can be adopted from the electromechanical response of electret films 63, 64 with the
sample and one layer of charges (Fig. 5).

(5)

here ε is the permittivity of the solid material, hsample is the the thickness of sample, hDL is the
the thicknesses of double layer, σ is the charge density of the double layer and Y is the Young’s
modulus of the solid.

Relationship between measured parameters and parameters of the model
In our experiment absolute values of electromechanical amplitude are proportional to d33. The
absolute value of d33 calculated from the experimental data is difficult to quantify,65 however,
relative changes in d33 measured with atomic force microscope on one sample are very
accurate. Thus, the ratio of d33(amyloid) to d33(mica) can easily be extracted from spatially
resolved maps of amplitude of electromechanical resonance (Fig. 6(a)). This ratio
[d33(amyloid)/d33(m ica)] can also be calculated using Eq. (6):

(6)

Since the thickness of the sample is much larger than the thickness of the double layer and Eq.
(6) can be simplified assuming hS → ∞ limit (Eq. (7)).

(7)

The Young’s modulus of the material can be calculated from the measured resonance frequency
as Jesse et al. have already showed.66 Different contact resonances can be used to calculate
contact stiffness as a function of frequency:

(8)

where fres is the resonance frequency of the tip – surface contact, i is the order of the resonance,
f0BOUND is the resonance frequency of the tip in contact with infinitely stiff surface (this
parameter depends only on the cantilever), k1 is the spring constant of the cantilever, k2 is the
contact stiffness. The coefficients for the first 5 contact resonances were calculated (b1 = 7.7,
b2 = 36.5, b3 = 80.4, b4 = 144.9, b5 = 230.8 …) based on the numerical analysis of contact
resonance given in.51
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Contact stiffness of the material in the first approximation is related to the Young’s modulus
and contact area as k2 = 2aY, where a is the radius of the contact. After simple algebra,
relationship for Young’s modulus as a function of resonance frequency can be deduced:

(9)

Substituting Eq. (7) into Eq. (5) we obtain:

(10)

Eq. (10) provides a functional relationship between electromechanical response and material
stiffness assuming double layer mediated electromechanical response in the system. In order
to test whether the electromechanical response is described completely by the elasticity effect,
we calculate spatially resolved maps of the ratio d33(amyloid)/d33(mica) from amplitude of
electromechanical response (left side of Eq. (10)) and from resonance frequency (right side of
Eq. (10)).

Modeling electromechanical contrast image
Fig. 6(a) was created by dividing the spatially resolved values of electromechanical amplitude
(Fig. 4(b)) by the average value of electromechanical amplitude of mica (~ 150 µV).

Modeling of the electromechanical coupling ratio from resonance frequency (Fig. 6(b)) was
done as following:

1. The mask of the image with clear differentiation between mica (blue) and amyloid
fiber (red) was created (Fig. 6(c)).

2. The ratio of electromechanical coupling coefficients on mica area was calculated
according to Eq. (11):

(11)

where f0BOUND − fitting parameter, fimageaverage − average resonance frequency of
the image (f0BOUND = 242 kHz, fimageaverage = 195.5 kHz).

3. The ratio of piezoelectric coefficients on amyloid fiber was calculated according to
Eq. (12):

(12)

where f0BOUND − fitting parameter, fimageaverage − average resonance frequency of
the image (f0BOUND = 242 kHz, fimageaverage = 195.5 kHz).

The values for fmica and famyloid are taken from Fig. 2(c). f0BOUND − was adjusted to minimize
the difference between modeled image and experimental map.
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In order to understand the quality of the fit, a spatially resolved difference map was created
(Fig. 6(d)). The fitting error is less than ±15%; also no apparent contrast on the difference
image can be seen. This proves that the difference in electromechanical coupling between mica
and amyloid fiber can be explained by the difference in the indentation moduli between those
two materials. It also validates the use of double layer model for the description of the
electromechanical contrast in the amyloid-on-mica system.

The reconstructed map in Fig. 6(d) exhibits a number of the "hot spots" of high
electromechanical activity. These hot spot are represented correlated response at several
adjacent locations, and thus cannot be attributed to pure noise response. The comparison with
topography illustrates their correlation with the topographic inhomogeneities. Based on the
fact the predominant piezoelectric coupling in these materials is shear, the disruption of fibril
structure can create the regions of high electromechanical response, suggesting a possible
explanation for observed phenomenon.

Conclusions
In this work we unraveled an origin of the electromechanical coupling observed on mica and
amyloid fibers. The use of piezoresponse force microscope with broadband electrical excitation
of the tip and signal detection allows for reliable study of electromechanical coupling in
amyloid fibrils. Also, this methodology is directly transferrable to molecular systems,
molecular assemblies and biological systems, which are crucial parts of the nanorobot devices
for minimally invasive surgeries,67, 68 body functions monitoring 69, 70 etc. The
electromechanical response of the double layer is responsible for this effect with the Young’s
modulus of the material being the main parameter determining that determines the magnitude
of electromechanical coupling. The double layer effect on electromechanical coupling extends
to the other soft materials, such as polymer brushes etc.

MATERIALS AND METHODS
Sample preparation

For amyloid fibril samples, bovine insulin (Sigma-Aldrich #I5500) was reconstituted to 5 mg/
ml in 10 mM HCl.34 This solution was incubated at 80 °C for 48 h. The fibril suspension was
diluted to 0.5 mg/ml protein and was purified by 15 centrifugations at 3000g for 1 minute each
to remove smaller aggregates. Ten microliters of a 0.05 mg/ml suspension was adsorbed onto
freshly cleaved mica (EMS #71851-05) at room temperature for 1.5 minutes, followed by
washing with copious amounts of Millipore-grade water. A stream of nitrogen was used to dry
amyloid samples that were imaged in ambient air. Imaging was performed in air or in 1 mL
Millipore water in a static fluid cell. Additional water was added as needed to compensate for
evaporation.

Instrumentation for the measurements of electromechanical coupling
Single frequency experiments—Electromechanical coupling on amyloid and mica was
measured using Asylum Research (Santa Barbara, CA) MFP3D Atomic Force Microscope
(AFM). External function generator (SR DS345) was used to bias the tip with AC bias of 10
V amplitude and single frequency from 100 – 200 kHz range. For each experiment a single
frequency in the 100 – 200 kHz range was chosen to maximize the amplitude of mechanical
response. The amplitude of mechanical response was measured by feeding vertical deflection
signal from photodetector of the microscope into lock-in amplifier (SR844 RF). Au coated tip
(Olympus, RC800PB) with stiffness ~0.06 N/m and resonance frequency of 17 kHz was used
for the experiments. The cantilever had a spring board shape with 20 µm width, 200 µm length
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and 0.8 µm thickness. The experiment was an exact replica of PFM experiments done in air;
reference50 provides more details on the experiment configuration.

Band Excitation experiments—PFM and Band Excitation50 PFM was implemented on
an Asylum Research (Santa Barbara, CA) MFP3D Atomic Force Microscope (AFM) and an
in-house developed MatLab/LabView data acquisition and control system. A voltage excitation
band spanning approximately 50 – 280 kHz (increasing chirp) with amplitude of 10 V was
applied to the microscope tip. The mechanical response of the system was recorded by
measuring and digitally storing the motion of the tip, taking the Fourier transform of the
response. The amplitude, resonance frequency, and quality factor were extracted using a
damped harmonic oscillator model at regular intervals during the tip biasing process. Au coated
tip (Olympus, RC800PB) with stiffness ~0.06 N/m and resonance frequency of 17 kHz was
used for the experiments. The cantilever had a spring board shape with 20 µm width, 200 µm
length and 0.8 µm thickness.
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Fig. 1.
Spatially resolved measurements of electromechanical coupling between tip and amyloidon-
mica using single frequency PFM technique. Topography of the amyloid-on-mica sample
measured by atomic force microscopy in air (a) and in water (d). Amplitude (b), (e) and phase
(c), (f) of the mechanical signal excited by the AC electrical voltage applied to the tip measured
in air (b), (c) and water (e), (f). All image sizes are 300 nm × 300 nm. Line profiles of the
topography, amplitude and phase images, as marked in air (g) and in water (h). The green box
shows the area where broadband electromechanical response presented on Fig. 2 (b–d) was
measured.
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Fig. 2.
The strength of the single frequency PFM response as a function of the amplitude of tip voltage
in air (a) and in liquid (b). Solid lines correspond to the PFM amplitudes on mica and dotted
one correspond to amyloid fiber.
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Fig. 3.
(a) Maps showing the spatial variations in magnitude of PCA components 1 through 9. (b)
Eigenvectors for PCA components 1 (black), 2 (red), 3 (blue). (c) Eigenvectors for PCA
components 4 (black), 5 (red), 6 (blue); (d) logarithm of the first 10 eigenvalues; (e) Amplitude
spectra extracted from 5 “hot-spots” (red dots, solid red line is average response) and 5 points
adjacent to them (black dots, solid black line is average response).
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Fig. 4.
(a) Examples of the broad frequency electromechanical response (red is typical spectrum of
mica, black is typical spectrum for amyloid fiber). Blue lines are the fit of the spectrum using
damped harmonic oscillator model. Spatially resolved maps of the amplitude (b), resonance
frequency (c) and quality factor (d) of electromechanical response calculated as damped
harmonic oscillator fit of the frequency spectra.
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Fig. 5.
The schematics of the double layer model.
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Fig. 6.
(a) Experimentally measured ratio of d33 to d33(mica). (b) Modeled ratio of d33 to d33(mica)
assuming double layer coupling model. (c) The attribution of mica and amyloid fiber on the
image. (d) The difference map between modeled and experimentally measured ratios.
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Table 1

Mechanical and electrical properties of the fibril and mica,59 estimated parameters of the contact of tip with the
surface.

Air
(Findentation  = 100 nN)

Water
(Findentati on = 0.15 nN)

Amyloid Mica Amyloid Mica

Young’s modulus 160 MPa 150 GPa 160 MPa 150 GPa

Indentation depth (Hertzian model) 19 nm 0.20 nm 0.25 nm 0.0026 nm

Contact radius (Hertzian model) 28 nm 2.8 nm 3.2 nm 0.32 nm

Contact stiffness (Hertzian model) 9 N/m 840 N/m 1.0 N/m 96 N/m

Dielectric function ~2 7 ~2 7
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