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Abstract

We develop a multichannel wireless quartz-crystal-microbalance (QCM) biosensor

for mechanically studying on-surface aggregation reaction of ↵-synuclein (↵-syn). We

find quite unusual change in the resonant frequency that eventually exceeds the baseline,

which has never been observed during seeding aggregation reaction. By incorporating

growth-to-percolation theory for fibril elongation reaction, we have favorably repro-

duced this unusual response and found that it can be explained only with formation

of ultra-stiff fibril network. We also find that the stiffness of fibril network grown from

artificially prepared twist-type seeds is significantly higher than that from rod-type
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seeds. Furthermore, the stiffnesses of fibril networks grown from seeds derived from

brain tissues of Parkinson’s disease (PD) and multiple system atrophy (MSA) patients

show very similar trend to those of rod and twist seeds, respectively, indicating that

fibrils from MSA patient is stiffer than that from PD.
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↵-synuclein (↵-syn) is an intrinsically disordered protein with 140 amino acids, which

takes a monomeric form under normal physiological conditions.1 Upon fibrillization, ↵-syn

adopts a cross-� structure and stacks into fibrils with �-strands oriented perpendicular to the

fibril axis.2–4 The amyloid fibrils thus formed are the pathological hallmark of neurodegen-

erative diseases, including PD and MSA.5–8 Cryo-electron-microscopy studies have revealed

the existence of polymorphs in the protofilament structure of ↵-syn, where the different

amino acid sequences involved in the kernel structure and the packing of �-strands result in

the formation of fibrils with different twist pitch.9–12 In addition, it is found that the con-

formational strains of ↵-syn fibrils derived from brain tissues or cerebrospinal fluid (CSF)

of PD and MSA patients exhibit different morphologies, cytotoxicity, and binding affinity

to cell membrane.13–15 These findings suggest that the different conformations account for

the onset of different types of diseases, but the underlying mechanisms have not been fully

clarified.16

A growing number of studies have shown that the interaction of ↵-syn with biological

membranes plays an important role in the toxicity of ↵-syn and the development of neurode-

generative diseases.17–19 It has been reported that aggregates of ↵-syn formed on surface

lead to the disintegration of lipid bilayers,20,21 formation of tubular structures,22 and thin-

ning and curvature generation of synaptic vesicles membrane.23 ↵-syn also inhibits the fusion

of small unilamellar vesicles by changing their surface tension and rigidity.24 Relatedly, an-
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other study shows that growth of ↵-syn amyloid fibrils on the surface of giant unilamellar

vesicles stiffens the membrane and makes the spherical membrane become polyhedral, re-

sulting in extraction of lipids and loss of the vesicle contents.25 On the other hand, studies

on aggregation reactions of amyloidogenic proteins have predominantly used thioflavin T

(ThT), a dye specifically bound to the amyloid fibrils, to detect amyloid-fibril formation

in bulk solutions.26,27 However, it has been pointed out that the ThT fluorescence fails to

simply reflect the amount of aggregates.14 Furthermore, the binding of ThT modifies the

intrinsic aggregation kinetics and the resultant structure of ↵-syn aggregates.28,29 Therefore,

a label-free method that detects the on-surface aggregation reaction and the mechanical-

property change in the aggregation process will contribute to a better understanding of the

neurotoxicity mechanism of ↵-syn.

In this work, we originally develop a multichannel wireless QCM system to study the

↵-syn fibrillization behavior on the QCM surface. The seeds of ↵-syn fibrils are immobi-

lized on the QCM surface, which adsorb the ↵-syn monomers in the flowing solution and

induce the fibril-growth reaction. Importantly, we find very unusual QCM response during

the fibril elongation reaction in this study: Because QCM is a mass-sensitive biosensor, it

is expected that its resonant frequency would decrease during the fibril-elongation reaction

because of deposition of monomers. However, after an initial decrease, the resonant fre-

quency surprisingly increases, even exceeding the baseline. A similar frequency response was

reported in a previous study during deposition of glucagon monomers and their aggregations

with a low-frequency QCM (5 MHz).30 However, it was not for the seeding reaction, and the

formed protein layer was evaluated to be very soft, being inconsistent with very high stiffness

of amyloid fibrils.31 Such unique frequency response in the surface seeding aggregation of

↵-syn has never been observed. We have successfully reproduced the experiments by using

the fibril growth-to-percolation theory for the multilayer viscoelastic resonator model and

find that this unusual frequency response can be only explained by the formation of a highly

stiff amyloid-fibril network. Our analysis also reveals that the stiffness of the fibril network
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depends on the morphology of the seeds initially immobilized; the more twisted the fibrils,

the stiffer the formed network. Furthermore, we perform the measurements using seeds de-

rived from brain tissues of PD and MSA patients. The observed results are consistent with

those for the artificial seeds, showing a stiffer fibril network grown from the seeds of MSA

patient than that from the PD patient. We attribute such high stiffness of the fibril network

to the strong interaction at the cross-over points among fibrils. The findings in this paper

thus provide important insights into the effect of ↵-syn fibrils with different structures on

the synucleinopathies and show the potential application of the developed system in the

diagnosis of neurodegenerative diseases.

EXPERIMENTAL SECTION

Multichannel Wireless QCM

The sensor cell made of nylon has four pairs of plate antennas (2 mm wide and 1 mm thick)

embedded on its top and bottom parts (Fig. S1). The AT-cut quartz resonator has an

in-plane size of 2.5⇥1.7 mm2 and a thickness of 26 µm. The quartz resonators are lightly

sandwiched by the two pieces of silicone rubber at their corners.

Although the impedance analysis has been widely used for measuring the frequency

response of a QCM, we adopt the tone-burst excitation instead because the excitation of

a wireless QCM requires relatively larger power (>⇠10 W). The frequency measurement

is performed using our laboratory-built system: A pair of rod-shape antennas serves to

generate and detect the shear vibration of the QCM between them in a contactless manner.

Each quartz resonator is excited by driving one of the antennas with tone bursts with a

duration time of 20 µs through the electromagnetic wave. After the excitation, the resonator

continues to oscillate for a while, which can be detected by the other antenna through the

electromagnetic wave generated by the oscillating resonator. The amplitude and phase of the

driving-frequency component in the received signal are extracted by performing the Fourier
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transform, which are used as the outputs. We first measured the resonance spectrum of each

QCM by sweeping the driving frequency and measuring the amplitude, giving the resonant

frequency. In the real-time monitoring of ↵-syn aggregation reaction, each resonator is

excited using the driving tone bursts of the determined resonance frequency, and the phase

change is monitored. The frequency change can be calculated based on the linear phase-

frequency relationship near the resonance.32 By means of a laboratory-built fast switching

device, this measurement was performed on each of the four channels in turn. The frequency

accuracy (or stability) during the aggregation reaction is about ±1 ppm/hour, although this

value significantly depends on the solution used.

Seed Preparation

To prepare the artificial ↵-syn seeds, the human wild-type full-length ↵-syn monomer was

first dissolved in Tris-HCl buffer (50 mM, pH7.4) and filtered through a syringe filter with

0.2 µm pore size (Millex-SLGVR04NL). The Tris-HCl buffer with NaCl concentration of

50 mM and 400 mM were used to prepare the twist-type and rod-type fibrils, respectively.

The protein concentration was then measured using a spectrophotometer with the extinc-

tion coefficient ✏1%=3.54 at 280 nm (Thermo Scientific, NanoDrop Lite) and adjusted to

0.5 mg·mL�1. Subsequently, the monomer solution was incubated at 37 �C under ultra-

sonication. The ultrasonication was performed at 30 kHz for 10 hours in cycles of 1 min

irradiation and 9 min quiescence. Next, the incubated solution was centrifugated, and the

remaining monomers and oligomers in the supernatant were removed. Finally, we perform

continuous ultrasonication to the fibril solution for 1 hour to break the fibrils into short

fragments. The fibril concentration was measured by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) as follows: i) Sample solutions after fibril formation were

ultracentrifuged for 1 hour at 100,000x g and 25 �C; ii) The supernatant was recovered,

and the pellet was resuspended by 50 mM Tris-HCl buffer (pH 7.4); iii) Each fraction was

incubated in a urea solution with the final concentration of 6 M overnight at 25 �C under
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800-rpm shaking; iv) The sample solutions were boiled for 10 min with the loading buffer

(50 mM Tris-HCl pH 6.8, 4% SDS, 2% �-mercaptoethanol, 12% glycerol, and 0.01% bro-

mophenol blue) for SDS-PAGE; v) The SDS-PAGE was performed, and the concentration of

each fraction was quantified using a standard curve; and vi) The concentration of fibrils was

validated using the concentration of the supernatant. The concentration of obtained twist

seeds and rod seeds were 4.93 mg·mL�1 and 4.11 mg·mL�1, respectively.

To prepare the seeds from the patients, the protein-misfolding-cyclic-amplification (PMCA)

method was adopted as previously described.33,34 In brief, the amygdala brain homogenates

from patients of PD or MSA were added to 0.5 mg·mL�1 ↵-syn monomer solution in Tris-

HCl buffer (50 mM, pH7.4, 150 mM NaCl). The mixture was placed in a 96-well plate

with 200 µL solution in each well containing 10 µM ThT and was then subjected to cyclic

sonication (0.3 seconds irradiation followed by 0.5 seconds pause) at 37 �C. The ThT fluo-

rescence intensity was monitored during the amplification. The derived fibrils were stored at

room temperature (25 �C) and fragmented into seeds by sonication directly before use. As

demonstrated in Fig. S2, these artificial seeds and seeds from the patients show the ability

to form amyloid fibrils quickly.

Transmission Electron Microscopy (TEM) Observation

The morphology observation of obtained seeds was performed on a Hitachi H-7650 transmis-

sion electron microscope (Hitachi, Tokyo). The 10-fold diluted sample in deionized water

was adsorbed onto copper grids (400-mesh), followed by negative staining with 1% phospho-

tungstic acid (PTA), and then washed with deionized water. The images were recorded with

magnification from 5,000 to 30,000.

Seed Immobilization on QCM Surface

The AT-cut quartz resonators were first cleaned with a piranha solution (98% H2SO4:30%

H2O2 =7:3) and rinsed using ultrapure water. The four resonators were sandwiched by the
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thin silicone rubber sheets. To immobilize the seeds on the individual QCMs, 4 µL of the seed

solution (Tris-HCl buffer) was dropped on each QCM. For preparing the reference channel, 4

µL of the bovine serum albumin (BSA) solution was dropped. The silicone rubber together

with the resonators was then transferred into a culture dish. To keep the seed solution from

drying out, we put a layer of buffer-soaked filter paper on the dish bottom and sealed the

dish using sealing film (Parafilm). After immobilization at room temperature for 10 hours,

we removed the seed solution on the QCM using filter paper and rinsed them using the

Tris-HCl buffer. We then dropped 4 µL of 10 mg·mL�1 BSA in Tris-HCl buffer on each

QCM and incubated for 1 hour at room temperature to block the uncovered areas. Finally,

we rinsed the QCMs using the Tris-HCl buffer and packed them in the sensor cell.

Monitoring on-Surface Aggregation Reactions

The sensor cell and the monomer solution were set in a water bath to keep their tempera-

ture at 37 �C. The antennas were connected to the switching instrument, and the resonant

frequencies of the QCMs were monitored. The Tris-HCl buffer (50 mM, pH7.4) with NaCl

concentration of 50 mM or 500 mM was first flowed using a micropump at a flow rate of 800

µL·min�1. The 0.3 mg·mL�1 ↵-syn monomer in the Tris-HCl buffer with NaCl concentration

of 50 mM or 500 mM was then flowed to the sensor cell.

Atomic Force Microscopy (AFM) Observation

To observe the fibril morphology on the QCM surface at different elongation stages, the

flow of the monomer solution was stopped at an intended time and the QCMs were washed

by flowing ultrapure water for 2 min. They were then taken out from the sensor cell and

dried in air. The AFM observation of each QCM surface was performed on a scanning probe

microscope (Shimadzu, SPM-9600) in ambient conditions. The scanning was performed on

several random positions.
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Growth-to-Percolation Calculation

Our calculation follows the analysis developed by Åström et al.35 In the growth-to-percolation

calculation, the fibrils are represented by elastic elements with Young’s modulus E, Poisson’s

ratio ⌫, and width w. Upon cross-linking, the network is considered as a collection of fibril

fragments, which are randomly distributed, allowing the assumption that the fragment length

follows the Poisson distribution. When the fibril number density and connectivity are uniform

in the network layer, its effective stiffness is equivalent to that of the unit fibril layer with

thickness w (Fig. S3). The network in this unit layer is constructed by N fibrils per unit area

with length Lf (t). The dimensionless fibril density is defined as q=NL2
f (t). Previous studies

reveal that the geometric percolation threshold for thin random fibrils occurs at q=5.71,36–38

beyond which the fibrils interact with each other because of overlapping. In our calculation,

this corresponds to the average fibril length of 0.76 µm as will be shown in the following

Results section. For an elastic segment, its rigidity against shear, stretching, and bending

deformations vary with its length. Therefore, the segments are considered only to deform in

the lowest energy-cost way. The total elastic energy in the network is the summation of the

strain energy of each segment associated with shear, stretching, and bending deformations.

When the network is treated as a homogeneous plate with the same dimensions having the

same strain energy, the effective in-plane Young’s modulus Ee(t) and shear modulus Ge(t)

are given by35

Ee(t) =
Ewq

8Lf (t)

⇢
3 +

1

2(1 + ⌫)

�
·
⇥
1� e�z(1 + z)

⇤
+ (

2aqw

⇡Lf (t)
)2 · E1(z)

�
(1)

Ge(t) =
Ee(t)

2(1 + ⌫)
(2)

where a indicates the fraction of crossing points that are rigidly bonded, z = 2aqlc
⇡Lf (t)

, and

E1(z) =
R1
1

e�zx

x dx. lc = w
p

2(1 + ⌫) represents the critical length.

In our calculations, we used a constant value for the fibril number density, N=10 µm�2.
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The fibrils were assumed to have a width of w=20 nm9,16,39 and Poisson ratio ⌫=0.5. Young’s

modulus was set as E=0.1⇠0.3 GPa, which is within the reported value.31

Three-Layer Model Simulation

In the simulation, the parameters describing the properties of the quartz layer and the solu-

tion layer are known. The used values were as follows: hq=26 µm, ⇢q=2654 kg·m�3, µq=29

GPa, hs=3 µm, ⇢s=1000 kg·m�3 and ⌘s=1 mPa·s. For the protein layer, the density was set

as ⇢p=1050 kg·m�3 considering the close value to that of the solution and its insignificant

influence on frequency response.40

RESULTS

Multichannel Wireless QCM System

Figures 1 and S1 show the multichannel wireless QCM system originally developed in this

study for probing the on-surface aggregation reaction of ↵-syn. In the sensor cell shown in

Fig. S1, we set four AT-cut quartz resonators, which are lightly fixed at their one corner

by sandwiching them with two pieces of silicone rubber. We drop 4 µL seed solutions to

immobilize the seeds on the resonator surfaces (Fig. 1A). After washing the surfaces with the

buffer solution, we set the silicone rubber sheets in the sensor cell to form the fluidic channel

for flowing the ↵-syn monomer solution. We use antennas that are embedded in the upper

and bottom parts of the sensor cell to excite and detect their shear vibrations. Importantly,

in this wireless manner, we can avoid depositing metallic films on the resonator surfaces

as electrodes, thereby being able to use extremely thin quartz resonators and improve the

sensitivity of the QCM.41 The QCM used in this study has a thickness of 26 µm and a

theoretical through-thickness shear-wave resonance frequency near 64.5 MHz in air. The

measured spectra in Fig. S4 show a lower resonance frequency near 64.37 MHz (although

slight variation can be observed due to the subtle thickness difference of the fabricated quartz
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resonators), which is expected because of the seed immobilization and in-liquid measurement,

indicating a good frequency accuracy of our system.

The resonance-frequency changes of these resonators are monitored with the originally

developed system as explained in the experimental section. All the measurements were

performed at 37 �C. A micropump is used to flow the monomer solution. Using this system,

we can monitor the resonant frequencies of the four QCMs independently without interference

between channels even their resonance frequencies are almost the same as demonstrated in

Fig. S4. Very importantly, since all the quartz resonators are exposed to the same solution,

the aggregation reaction from different seeds can be simultaneously studied under the same

condition, which has not been achieved previously. The resonators in the flowing solution

are illustrated in Fig. 1B. We thus immobilized different ↵-syn seeds on each QCM surface

and flow the ↵-syn monomer solution. In some experiments, we immobilized BSA instead of

seeds as the control channel. Figure 1C shows a typical measurement result, where resonant

frequencies were simultaneously measured when different materials were immobilized on the

four resonators. As shown in Fig. S2, we confirmed that the seeds used in this study show

the ability to accelerate the fibril-formation reaction in bulk solutions.

There is in principle the possibility of cross-contamination between different resonators

since the same solution flows over all the resonator surfaces. We therefore ensured sufficient

lateral spacing between QCMs of about six times the QCM width. The AFM images on the

QCM surfaces shown later confirm that no fibril transport between channels occurs during

the fibril on-surface elongation reaction.

Monitoring of the ↵-Syn on-Surface Seeding Reaction

Depending on solution conditions as well as the seed, ↵-syn fibrils formed from the same

monomers have different morphologies.16,39,42 We prepared ↵-syn fibrils with two distinct

morphologies (rod and twist types) and broke them into fibril fragments by sonication.33

Figure 2A shows their TEM images. The rod seeds predominantly have two parallel protofil-
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aments, while the twist seeds comprise two intertwined protofilaments. These morphologies

are consistent with those reported.2,31,33 Both types of seeds have an equivalent average

length of around 50 nm. From Fig. 2B, we can clearly see the formation of the fibril network

composed of dense fibrils on the QCM surfaces, on which these seeds were immobilized, by

flowing the monomer solution. However, few fibrils can be observed on the reference QCM,

where BSA covered the resonator surfaces at the beginning. Unlike fibrillization in a bulk so-

lution, because the seeds were separately immobilized on the QCM surface, the cross-linking

between the fibrils occurs when fibrils grow to a certain length. As the growth progresses,

the fibril network is eventually formed over the QCM surface.

Figure 2C shows the frequency responses of QCMs during the flow of the monomer

solution. Because of the absence of seed, the frequency of the control channel shows a slight

decrease, which can be attributed to the non-specific adsorption of ↵-syn monomers on BSA.

However, in the QCMs on which the seeds were initially immobilized, the frequency first

decreases to a minimum and then significantly increases. It is surprising that the frequency

even exceeds the baseline. In the conventional biosensor application of QCM, the binding

of target molecules on the QCM surface increases the effective mass of the resonator and

then decreases the resonant frequency, as supported by Sauerbrey’s equation.43 In the case

of the formation of a viscoelastic protein layer, the viscoelastic property change also affects

the resonant frequency, especially that of a high frequency QCM.44,45 As pointed out in our

previous study,46 a low-frequency QCM (for example, 5 MHz) extends the acoustic shear

field from its surface up to ⇠250 nm, beyond the thickness of a thin protein layer (<⇠100

nm), leading to relatively low sensitivity to the viscoelasticity of thin protein layer. The

higher frequency QCM used in this study confines the shear field within ⇠70 nm from the

surface, which contributes to a better sensitivity to the viscoelasticity. As can be confirmed

from the AFM images, the early stage of elongation results in the increase in the fibril mass

at the QCM surface, which contributes to the frequency decrease. On the other hand, the

viscoelastic properties of the ↵-syn fibril layer are expected to change significantly with fibril
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cross-linking, resulting in a significant increase in the frequency. Although the frequency

responses for QCMs with rod and twist seeds show similar trends, the differences in the

amount of frequency variation indicate that the fibril network layers originated from the two

different seeds have different mechanical properties.

Viscoelasticity of ↵-Syn Fibril-Network Layer

From the AFM images in Fig. 2B, we consider that the ↵-syn seeding reaction proceeds

on QCM surface as illustrated in Fig. 3A. The seed fragments are initially immobilized

on the QCM surface with random position and orientation. As the fibril length increases,

the fibrils reach the percolation threshold,36 where the cross-linking and connection between

fibrils occur. (In this paper, percolation refers to the progress in the connectivity in a ran-

domly distributed fibril system, which is different from the process of a liquid moving slowly

through a porous medium. The percolation threshold here is defined as the point at which

long-range connectivity of fibrils is formed in the fibril system.) Subsequently, the fibril

network forms on the QCM surface. We consider that the evolution of the mechanical prop-

erties of such disordered fibril networks is identical to the systems such as fibrous materials,47

carbon-nanotube mats,48 and extracellular matrix:49,50 The effective stiffness of these net-

work systems depends not only on the elastic property of the constituent fibrils but also more

sensitively on the cross-linking connectivity after the percolation threshold.51,52 We here pro-

pose a model for explaining the unusual frequency response using this growth-to-percolation

model.

In our measurement, the QCM extends the acoustic shear field to the adjacent ↵-syn

fibril layer, in turn, the property change in the fibril layer affects its frequency response. The

resonant frequency of QCM with the ↵-syn fibril layer attached to its surface in monomer

solution can be calculated using the three-layer model.40,53 As illustrated in Fig. 3B, the

three-layer model consists of the elastic quartz resonator, the viscoelastic protein layer (↵-

syn fibril layer), and the Newtonian solution layer. With the stress-free boundary condition
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at the QCM bottom surface and solution top surface, and the continuous condition of the

shear stress and particle velocity at each interface, the frequency change of QCM is given

by45,54

�f ⇡ 1

2⇡⇢qhq
Im

✓
p⇠p

1� Ae2⇠php

1 + Ae2⇠php

◆
(3)

where A = p⇠p+⌘s⇠stanh(⇠shs)
p⇠p�⌘s⇠stanh(⇠shs)

, p =
µ⇤
p

j! , ⇠p =
q
�⇢p!2

µ⇤
p

, ⇠s =
q

j⇢s!
⌘s

, µ⇤
p = µp+ j!⌘p. Here, ⇢, h,

⌘, µ, and ! denote mass density, thickness, viscosity, shear modulus, and angular frequency.

The subscripts q, p, and s represent quantities of quartz, protein, and solution, respectively.

We systematically investigated the influences of the four key parameters (thickness, mass

density, viscosity, and stiffness) of the protein layer on the resonant frequency and find that

only the stiffness change can cause this unusual increase in the resonant frequency as shown

in Fig. S5. Therefore, we focus on the evolution of the effective stiffness of the protein layer

and simulate it using the growth-to-percolation model.35,47

We first assumed a sigmoidal change for the average fibril length55 shown as the green

curve in Fig. 3C and calculated the effective stiffness as described in the experimental section.

To evaluate the influence of the property of the constituent fibril on the network stiffness, we

investigated three possible cases: (i) The single-fibril Young’s modulus E equals 0.244 GPa,

and the network connectivity a, which represents the fraction of the number of the rigidly

bound crossover points, is 0.6; (ii) E=0.149 GPa and a=0.6; and (iii) E=0.149 GPa and

a=0.2. As shown in Fig. 3C, at the early elongation stage before the percolation threshold,

which is defined in the experimental section, the protein layer has very low stiffness because

the fibrils are not connected. Beyond the percolation threshold, the network stiffness rapidly

increases with the increase of the fibril length. As expected, an increase in Young’s modulus

or the rigid crossover point stiffens the fibril network. The stiffness of the formed network

can be as high as ⇠900 kPa when the ↵-syn fibrils elongate to 2.5 µm, which is much higher

compared with that of muscle tissue (⇠12 kPa)56 and dermal tissue (0.5-2 kPa).57

We also assumed sigmoidal changes for the thickness and viscosity of the protein layer as
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shown in Figs. 3D and 3E and fixed the mass density to be constant (1.05 g·cm�3) because

of its less sensitivity to the frequency change (Fig. S5A). We then obtain the simulation

results in good agreement with the QCM measurements as shown in Fig. 3F. Although

there are adjustable parameters for calculating the final frequency change (maximum value

and half-time value for each sigmoid function, for example), the critical parameter is the

stiffness of the fibril-network layer as demonstrated in Fig. S5. It is important to note that

we fail to reproduce the experimental result without the significant stiffness evolution as

shown in Fig. 3C.

While the stiffness shows a delayed and relatively slow increase at the early stage, it is

needed that the thickness and viscosity immediately increase without showing a lag time

(Figs. 3D and 3E) to reproduce the experiments. Therefore, the early-stage frequency

decrease mainly originates from the mass accumulation. However, after the fibril length

reaches the percolation threshold, the effective stiffness of the protein layer significantly

increases with the cross-linking among fibrils, leading to the increase in the QCM frequency.

The minimum point on the frequency curve thus indicates the moment when the stiffness

increase overwhelms the mass-loading effect. Here, we refer to this time as the cross-linking

initiation time (CLIT). The consistency between the simulated frequency responses and the

measurement results suggests that the fibrils grown from the twist seeds are stiffer than those

from the rod seeds by a factor of about two. It should be noted that when the fibril network

has less network connectivity, as in the third case in Fig. 3C, the frequency fails to show

a significant increase after CLIT even if the single fibril shows a sufficiently large Young’s

modulus. This behavior explains the measurements for the aggregation reaction of amyloid

� peptides on QCM45 (Fig. S6). Because the effective stiffness of the fibril network is highly

affected by the inter-fibril connectivity as shown in Fig. S7, the drastic frequency increase

after CLIT, which is observed in ↵-syn fibrils, indicates the strong inter-fibril connectivity

between ↵-syn fibrils.
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Fibril Morphology Determines the Network Stiffness

To further investigate the relationship between the fibril morphology and the network stiff-

ness, we monitored the ↵-syn aggregation reaction using the wireless QCM at a higher NaCl

concentration of 500 mM. At this salt concentration, elongated fibrils show different mor-

phologies due to the conformation change of ↵-syn monomer as has been reported in our

recent study,33 which is also confirmed in bulk solutions as shown in Fig. S2: In the early

stage of the seeding reaction, there is no remarkable difference in the seeding reaction between

with rod and twist seeds at the low NaCl concentration (Fig. S2A), but the seeding reaction

with rod seeds proceeds faster than that with twist seeds at the high NaCl concentration

(Fig. S2B).

Figure 4A shows the measurement results of the ↵-syn seeding reaction when the monomer

solution containing 500 mM NaCl was flowed and the corresponding fibril networks on the

QCM surfaces. The dashed lines in the frequency responses are simulation results with the

evolution of the fibril-network stiffness shown in Fig. 4B. (The corresponding thickness and

viscosity changes are shown in Fig. S8A.) As can be seen from the AFM images, both the

number and length of the fibril after 3 h are larger than those grown at a lower salt concen-

tration as shown in Fig. 2B, indicating that the elongation reaction is accelerated at higher

NaCl concentration. This acceleration behavior by increasing the salt concentration is also

found in the bulk experiment (Fig. S2), especially for the rod seeds. Correspondingly, CLIT

at 500 mM NaCl comes earlier than that at 50 mM NaCl for both rod and twist seeds (Fig.

4C). The AFM images in Fig. 4D summarize the morphologies of the fibrils elongated from

the rod and twist seeds at different salt concentrations. By comparing the twist periodicity

and Young’s modulus of the single fibril, we note that the more twisted the constituent

fibrils, the stiffer the fibril and thus the stiffer the formed network. Previous AFM studies

of ↵-syn fibrils indicate that the twist period may affect the fibril rigidity, suggesting that

fibrils with shorter twist periods exhibit higher stiffness.31
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↵-Syn on-Surface Seeding Reaction from Seeds Derived from PD and

MSA Patients

We derived ↵-syn fibrils from the brain homogenates of patients with PD and MSA by the

PMCA method.33 The obtained fibril seeds after ultrasonic fragmentation are shown in Fig.

5A. The dominant morphology of the MSA seeds is twist type, and the seeds from PD are

mainly composed of rod-type seeds. (The twist-type seeds also appear, but their twist period

is longer (>⇠100 nm).) Figure 5B shows the measured frequency responses (solid lines) and

simulated results (broken lines) for the on-surface seeding reactions using the patient seeds.

The frequency responses with the seeds from PD and MSA are very similar to those with

rod-type and twist-type artificial seeds, respectively, indicating nearly the same percolation

and network formation processes during the fibril elongation reaction as can be confirmed

from the AFM images (Fig. 5B). The estimated change in the effective stiffness of the fibril

network is shown in Fig. 5C. (Corresponding thickness and viscosity changes are shown in

Fig. S8B.) The results indicate the higher stiffness of the fibril network grown from the

MSA seeds than from the PD seeds. From the AFM images (Fig. 5D), we analyzed the

twist periodicity of the resultant fibrils. The fibrils from PD and MSA patients exhibit an

average periodicity of 71.7 nm and 56.9 nm, respectively (Fig. 5E). The correlation between

the twist period and the fibril stiffness is again indicated.

DISCUSSION AND CONCLUSIONS

Multichannel QCM is highly promising in bioassay because it enables the detection of mul-

tiple targets in a single measurement, leading to a substantial reduction in cost, sample

volume, and diagnostic time. At present, two main types of multichannel QCMs have been

reported. The first type (one-chip multichannel QCM) consists of a single quartz plate, the

surface of which is divided into several regions with separate electrodes.58–60 In this configu-

ration, the acoustic and electric interferences become the serious issue, and this type of sensor
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failed to be used as a biosensor. The second type is a combination of several independent

QCMs.61 The separation of fluidic channels in this type imposes restrictions on measuring

complex reactions in the same solution. Although we previously developed a multichannel

wireless QCM with several quartz resonators set in one fluidic channel,62,63 all the channels

were driven by the same antenna. Consequently, quartz plates with different thicknesses

and frequencies must be used, leading to sensitivity discrepancy in different channels. Also,

the inter-channel interference remained unsolved. The multichannel QCM developed in this

work operates wirelessly by independent antennas in each channel. Therefore, ↵-syn aggre-

gation reactions with different seeds can be studied using identical QCMs under the same

solution condition without the inter-channel interference.

Not only the electrical interference between the channels but also interference of bio-

chemical reactions between channels can be neglected with the current experimental setup

as follows. For example, assuming that the ⇠200 ppm frequency reduction in Fig. 3F would

be caused by deposition of ↵-syn monomers, it corresponds to a deposition of 4 pmol of

monomers from the Sauerbrey equation43 and the QCM area. This value is much smaller

than the total number of monomers in the microchannel (⇠4 nmol). Furthermore, since the

monomers are constantly supplied by the flow system, the adsorption/desorption reactions

at each QCM surface have little influence on the reaction conditions of the system.

Combination with the three-layer model and QCM experiment has been an accepted

method for evaluating the viscoelastic property of thin protein layers. Because of the simple

and homogeneous model, the simulation results cannot completely fit the QCM measure-

ments. However, the essential trend is reproduced: As can be seen in Fig. 3F, 4A, and 5B,

our simulated results consistently explain the corresponding measurements, validating the

correctness of the simulation results. Because there is no other reliable method for measur-

ing the viscoelastic parameters of protein layers in solution, the multichannel QCM system

developed in this work could provide important insights into the physical properties of ↵-syn

on-surface aggregation.
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In this study, we show many QCM responses during the on-surface seeding reaction

of ↵-syn, where the resonant frequency significantly increases after the initial drop, even

eventually exceeding the baseline (Figs.1C, 2C, 4A, and 5B). As mentioned above, this

is an unexpected result because the QCM is a mass-sensitive biosensor, which normally

shows frequency decrease because of the deposition of flowing monomers. One therefore may

attribute this unusual behavior to the detachment of surface aggregates together with the

initially immobilized seeds. However, we can dismiss this possibility for two reasons. First,

as shown in Figs. 2B, 4A, and 5B, we confirmed the formation of dense fibril networks

on QCM surfaces using AFM. Second, as shown in Fig. S9, the amplitude of the resonant

vibration continued to decrease during the aggregation reaction, even with the significant

increase of the resonant frequency for the seed-immobilized channel. Because of the increase

in the viscoelastic resistance in liquid, the vibrational amplitude is reduced as the viscoelastic

layer grows. We fail to observe such a significant decrease in the vibrational amplitude for

the BSA channel, on which few monomers are accumulated, supporting the view that the

protein layer continues to grow even after the frequency increase.

The AFM observations suggested that the thicknesses of the fibril-network layers formed

from the rod and twisted seeds are of similar value (30⇠100 nm), and we assumed the

same final thickness in the numerical simulation as shown in Fig. 3D for reproducing the

experimental frequency changes. However, since the seeding experiments in bulk solutions in

Fig. S2 indicate the higher ability of the rod seed in capturing monomers than the twist seed,

one may consider that the different QCM response between the rod and twist seeds would be

caused by the thinner network layer from the twist seeds than from the rod seeds. However,

this should have further increased their discrepancy as demonstrated in Fig. S10, and it is

needed that the effective stiffness of the fibril network from twist seeds is significantly higher

than that from rod seeds.

We assumed a final thickness of ⇠100 nm after the on-surface seeding reaction (Fig. 3D),

which may seem too large because of the fibril diameter of ⇠20 nm or less. However, unlike
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the thickness evaluated by AFM in a dry condition, the thickness probed by QCM represents

an effective thickness of the protein layer, in which the dynamic behavior of flexible fibrils

and their interaction with monomers in liquid are involved. Therefore, the effective thickness

evaluated by QCM is usually larger than the AFM thickness.

↵-syn fibrils with different polymorphs have a similar structure of stacked ↵-syn polypep-

tide chains. The �-stands held by a densely packed network of hydrogen bonds form the

fibril backbone with the unstructured region in the polypeptide chain surrounding the core.

Besides the amino residues constituting the core, the stacking structure, including the helical

rise and twist angle between each �-stand, varies in different polymorphs, leading to different

twist periodicity of the fibrils.64,65 It has been reported that ↵-syn fibrils amplified from brain

homogenates using the PMCA method have a periodicity of 88 nm from MSA, 107 nm, and

93 nm from PD patients.66 Another study observed a range from 46 to 105 nm for MSA and

77 to199 nm for PD.14 The periodicity of the MSA fibrils in this work agrees with those of

previous studies, while that of the PD fibrils shows a slightly lower value, possibly due to the

on-surface growth. Nonetheless, the MSA fibrils have shown more twisted morphology than

the PD fibrils. Considering the low elasticity of neurons around several kilopascals,67,68 the

stiffness of the fibril network up to ⇠0.9 MPa found here implies that the ultrahigh stiffness

of the ↵-syn aggregates on the cell membrane or the Lewy body69,70 will be a key for causing

corresponding diseases.

In the stiffness analysis, we assumed the same fraction of the rigid cross-linking point

(a) both for the fibril networks grown from PD and MSA seeds. From the AFM images,

the value of a for the MSA seeds seems to be similar to (or slightly smaller than) that from

the PD seeds. Therefore, the higher stiffness of the single MSA fibril is needed in order to

explain the experiments. The mechanical strength of a single amyloid fibril stems from the

dense hydrogen-bond network with the dominant contribution from the �-stands core.71–73

The circular-dichroism-spectroscopy analysis performed on fibrils amplified from PD and

MSA patients has reported a higher proportion of �-sheet structure in MSA fibrils than that
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in PD fibrils.14 Hence, the higher stiffness of the MSA fibril than the PD fibril can be at-

tributed to the higher proportion of the �-sheet structure. Although the behind mechanism

remains to be elucidated, our findings reveal that the ↵-syn fibril network can show a very

high stiffness. This will be caused by the long unstructured residues exposed perpendicu-

larly to the fibril axis. For an ↵-syn fibril, relatively less ordered flexible regions extend from

fibril’s lateral face, and it is significantly longer (⇠40 residues plus a shorter N-terminus).74

These unstructured regions may interact with each other to construct the rigid inter-fibril

connection. Also importantly, the developed multichannel wireless QCM system provides

a label-free monitoring of the on-surface aggregation reaction and the mechanical property

change, demonstrating the potential application in the diagnosis of neurodegenerative dis-

eases.

Finally, the most important advantage of the system we have developed in this study is the

ability to monitor different aggregation reactions from different seeds under the same solution

conditions. Using this unique system, for example, by immobilizing different antibody on

each channel, it will be possible to study in detail the time-series changes of various aggregates

and their transitions to different species during the protein aggregation process in the same

solution.
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Figure 1: (A) Schematic illustration of the immobilization of ↵-syn seeds on the resonator
surfaces. (B) Illustration inside the sensor cell, where the ↵-syn aggregation reactions proceed
on the different resonators during the monomer-solution flow. Different seeds are immobilized
on the different resonator surfaces, and BSA is immobilized on the reference channel. (C)
An example of the four-channel QCM experiment during the monomer-solution flow, where
different ↵-syn seeds and BSA are immobilized on different QCMs.
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Figure 2: (A) TEM images of seeds with rod structure (left) and twist structure (right). (B)
AFM images of the fibrils formed on the QCM surfaces at various times during the fibril
elongation reaction with NaCl concentration of 50 mM. (C) Frequency responses of QCMs
with rod and twist seeds and that with BSA (without seed) during the ↵-syn monomer-
solution flow with NaCl concentration of 50 mM. Scale bars in (A) and (B) indicate 100 nm
and 500 nm, respectively.
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Figure 3: (A) Illustration of the fibril elongation behavior on QCM surface characterized by
four stages: (i) The initial stage with randomly immobilized seed fragments; (ii) The fibril-
elongation stage before reaching the percolation; (iii) The cross-linking stage, resulting in a
sparsely linked network; (iv) The fibril-elongation stage after the percolation along with a
rapid increase in the network connectivity. (B) Schematic of the three-layer model. (C) The
effective stiffness change of the fibril-network layer as the fibril length increases calculated
by the growth-to-percolation model. The percolation threshold is indicated by the gray
broken line. The calculation is performed on three types of constituent fibrils with different
Young’s moduli E and the cross-over bond ratios a at the same fibril number density. (D)
Thickness change and (E) viscosity change of the fibril layer used in the three-layer model
simulation. (F) Reproduced frequency responses of QCM. The simulation results (dashed
lines) are compared with the measurement results (solid lines).
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Figure 4: (A) (left) Frequency responses of QCMs with initial seeds on their surfaces during
the flow of ↵-syn monomer solution with NaCl concentration of 500 mM. Dashed lines show
the simulation results. (right) AFM images on the QCM surfaces at 3 h. (B) The effective
stiffness changes for the fibril network layer calculated by the growth-to-percolation model,
which reproduce the experiments in (A). (C) The cross-linking initiation time (CLIT) at
different NaCl concentrations. Error bars indicate the standard deviation (n=3). (D) The
AFM phase images which show the structure difference of the ↵-syn fibrils grown from
different seeds and in different NaCl concentrations. The twist period and estimated Young’s
modulus are shown. Scale bars: 500 nm (A) and 100 nm (D).
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Figure 5: (A) TEM images of seeds amplified from the brain tissue of patients with PD
and MSA. (B) (left) Frequency responses of QCMs with initial seeds from PD and MSA
on their surfaces during the flow of ↵-syn monomer solution with NaCl concentration of 50
mM. Dashed lines show the simulation results. (right) AFM images on the QCM surface at
5.5 hours. (C) The effective stiffness changes for the fibril network layer calculated by the
growth-to-percolation model, which reproduce the experiments in (B). (D) The structure
difference of ↵-syn fibrils elongated from PD and MSA seeds. (E) The twist periodicity of
↵-syn fibrils elongated from PD and MSA seeds. Error bars indicate the standard deviation
(n=6). Scale bars: 100 nm in (A) and 500 nm in (B).
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