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We systematically study the relationship between the ultrasonically induced aggregation behavior of

amyloid β1−40 peptide and acoustic pressures to clarify the dominant mechanism of the aggregation.

With ultrasonic irradiation, the thioflavin-T (ThT) level of the Aβ solution rises after a lag time,

takes a maximum at ∼5 h, and remains unchanged or decreases. Thus, we monitor the ThT level at

5 h to evaluate the progress of the β-sheet structure and investigate its correlation with the acous-

tic pressures of fundamental and harmonics waves. The second-harmonics-wave amplitude shows the

highest correlation with the ThT level, indicating the dominant contribution of cavitation bubbles

to the fibrillation phenomenon. The influence of solution pH and Ar gas are investigated to identify

the aggregation mechanism. As a result, local condensation of the peptide due to the high affinity of

hydrophobic residues to the bubble-solution interface causes a highly supersaturated solution, leading

to precipitation of β-sheet-rich nuclei.

1. Introduction

Alzheimer’s disease (AD) is known as a major cause of dementia.1) It is widely recognized

that the pathogenesis of AD is deeply related to the aggregation behavior of amyloid β (Aβ)

peptides.2–4) However, the pathogenic mechanism still remains unclear. Aβ is one of amyloi-

dosis proteins such as β2-microglobulin (β2-m), α-synuclein, and prion protein (PrP), which

form amyloid fibrils through intermediate aggregates and their transition to nuclei.5–9) The

common characteristics of amyloid fibrils are that they have highly regular cross-β structures

where β-strands align perpendicularly to the fibril longitudinal axis.10)

Normally, the onset age of AD is over the 60. Hence, Aβ peptides need a long time to form

aggregations in vivo: the energy barrier for the structural change from monomer to nucleus

is generally very high. This characteristic has prevented us from clarifying the pathogenic

mechanism of AD. Therefore, it is highly important to develop a methodology to accelerate

aggregation of the peptides.

Agitation procedures by stirring, shaking, and rotating solutions have been adopted to

accelerate the aggregation of proteins.11) Goto and coworkers7,12,13) have recently displayed
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that ultrasonic irradiation (UI) significantly induced the formation of amyloid fibrils and

produced highly homogeneous fibrils for β2-m. This phenomenon has been reported for other

amyloidosis proteins as well, including α-synuclein8) and PrP.9) Therefore, the UI method is

expected to be efficient for the acceleration of the aggregation of Aβ peptides, although no

systematic study has been carried out.

UI of aqueous solutions produces cavitation bubbles: ultrasonic waves cause nearly adia-

batic collapse of the bubbles, which generates microscopic reaction fields of high temperature

and high pressure, and also produces free radical species in the solution. These extreme reac-

tion fields allow the decomposition of various organic compounds.14–17) Besides, UI has been

used to break preformed amyloid fibrils to smaller seeds.18,19) However, ultrasonically induced

aggregation7–9,12,13) means an enhancement of polymerization, which is a reverse trend to the

previous sonochemical reactions. Therefore, this mechanism remains unclear. Clarification of

the mechanism is important to control the structure and acceleration rate of aggregates, which

will contribute to the drug discovery for AD.

Recently, it has been indicated that the lag time for the nucleation of a PrP aggregate is

dependent on the ultrasonic power,9) which was determined using calorimetry and potassium

iodide oxidation methods.20) However, this method fails to identify the dominant nucleation

mechanism because the ultrasonic power is related to almost all acoustic parameters. Con-

sidering that the cavitation bubble plays a central role in sonochemical reactions,21–23) it is

necessary to investigate the dependence of the aggregation phenomena on the acoustic pres-

sures of fundamental and harmonics-wave modes individually.

Here, we systematically study the ultrasonically induced fibrillation behavior for Aβ pep-

tides and investigate the relationships between the aggregation degree and acoustic pressures

of fundamental and harmonics waves. These correlations are studied by changing the pH of

the solution and also by replacing the dissolved gas with Ar gas to evaluate the influence of

the protein charge and the hot-spot temperature at the bubble collapse, respectively.

2. Possible Effects of Ultrasonic Irradiation

We suggest three possible dominant effects caused by UI. First is the acceleration of

agitation: when a solution is irradiated with an ultrasonic wave, peptides move over a dis-

tance longer than their Brownian distance, and they self-assemble more frequently to cause

nucleation. The contribution of this effect to the protein aggregation can be evaluated by

investigating the dependences of the aggregated degree on the amplitude and frequency of the

fundamental wave.

Second is the local condensation of the peptides around cavitation bubbles. The hydropho-

bic residues tend to be attracted to the bubble surface, and the peptides assemble along the

surface so as to expose their hydrophilic residues toward the solution side. Also, when the

peptides are positively charged, they are electrically attracted to the bubble surface because
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the bubble surface is generally negatively charged.24,25) Because the bubble collapse occurs

in a short time, the concentration of the peptide increases, locally producing supersaturated

regions and then nucleation of aggregates. We can evaluate this effect by investigating the re-

lationship between the aggregated degree and the acoustic pressures of harmonics at different

pHs of the solution across the isoelectric point of the peptides.

Third is the reaction promotion by the temperature increase at the bubble collapse. We

can evaluate this contribution by investigating the frequency dependence of aggregation and

the use of Ar-gas saturated solution.

3. Measurements

3.1 Materials and instruments

Aβ1−40 peptides were used throughout this study. Lyophilized Aβ1−40 peptides were pur-

chased from the Peptide Institute (product No. 4307-v). Phosphate buffered saline (PBS)

powder, acetate buffered saline (ABS), dimethyl sulfoxide (DMSO), and thioflavin T (ThT)

were purchased from Wako Pure Chemical Industries.

We used two 200 W continuous-wave ultrasonic irradiation systems KAIJO 43013 and 4021

for 26 and 200 kHz, respectively. The atomic-force-microscopy (AFM) system was a Shimadzu

SPM-9600. ThT fluorescence was measured using a fluorescence spectrometer JASCO FP-

6200. We used a needle-type hydrophone Toray Engineering NH8193 for calibration of the

acoustic pressure.

3.2 Ultrasonic irradiation experiments

Figure 1 shows the experimental setup. The ultrasonic transducer was located in a water

bath, where the temperature was kept at ∼15 ◦C by circulating cold water. Ten microtubes

(polypropylene and 1.7 ml vol) including 500 µl solution were set in the tube holder, and they

were located above the transducer.

The ultrasonic waveform was acquired for 30 s in each microtube using a 1-mm-diameter

custom-built PZT probe. Fast Fourier transform (FFT) was performed on the acquired wave-

form to extract the detected voltages of fundamental and higher harmonics waves using each

peak value, which was converted into pressure values after calibration using the needle-type

hydrophone. With the measurement setup in Fig. 1, we can vary the acoustic intensity in

different microtubes even with the same driving power by a factor of 10.

The lyophilized Aβ1−40 was dissolved in DMSO with stirring at 200 rpm for 5 min, and

diluted by ABS (pH 4.6) or PBS (pH 7.4) including 0.2 M NaCl to obtain a final peptide

concentration of 100 µg/ml. (DMSO:buffer solution=1:4.)

We used two types of ultrasonic transducer with fundamental frequencies of 26 and 200

kHz. A 500 µl Aβ solution was poured to each microtube, and UI was performed. A single

UI sequence consisted of 1 min irradiation and 9 min incubation. This 10 min sequence was
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repeated.

To investigate the effect of dissolved gas in the Aβ solution on fibrillation, we used an

Ar-saturated solution: Bubbling was carried out in PBS with Ar gas for 30 min to replace

the dissolved gas (air) with Ar. The Aβ solution was prepared using this Ar-saturated buffer

solution. Furthermore, we replaced air inside the microtube with Ar gas and shielded it with

a cap to prevent replacement of the dissolved Ar gas with air by ultrasonic irradiation.

3.3 ThT fluorescence assay

ThT selectively binds to the β-sheet structures and produces intense light emission,26,27)

and it has been widely adopted to evaluate the formation of protofibrils and their exten-

sion.12,13,28–30) We prepared a stock solution by dissolving powdered ThT into a 50 mM

glycine/sodium-hydroxide buffer solution (pH 8.5) to obtain a final concentration of 5 µM.

The solution was wrapped in aluminum foil and stored at 4 ◦C before use. A 5 µl Aβ solution

was mixed with a 50-µl ThT solution in a quartz-glass cell for the fluorospectrophotometer.

The fluorescence intensity was measured at 485 nm for the excitation at 450 nm. Because all

the ThT assays were performed after ultrasonication, no direct influence of ultrasonication on

ThT ability is involved.

3.4 AFM observation

We used AFM to observe the morphologies of the ultrasonicated Aβ peptides. A 10 µl

ultrasonicated Aβ solution was dropped onto a freshly cleaved mica plate, dried for 5 min,

rinsed by ultrapure water, and dried to make the substances in the solution attach to the

mica plate. The tapping-mode measurement was adopted with a silicon cantilever, showing

the resonance frequency near 300 kHz.

4. Results

4.1 Measurement of acoustic pressure

Figure 2 shows parts of acquired waveforms and corresponding FFT spectra in four dif-

ferent microtubes when the 26 kHz ultrasonic transducer was used. The FFT peak values

of harmonics, subharmonics, and ultraharmonics become higher as the driving power to the

transducer increases.

4.2 Acceleration of aggregation for Aβ peptides by UI

Because the acceleration of aggregation of Aβ peptides by UI has never been reported,

we first investigated this using the 26 kHz transducer with the Aβ solution at pH 4.6 and

compared the result with those when the solution was stirred at 1,200 rpm and incubated at

room temperature. The results are shown in Fig. 3. The ThT level remained unchanged with

the incubation treatment for 120 h, and it was slightly increased at 3 h but was saturated at
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24 h with the stirring treatment. Thus, the aggregation ability of Aβ1−40 is not high. However,

it increased with UI after a lag time of ∼2 h to a level, that would never have been achieved

by the stirring and incubation treatments. This result confirms that UI displays a significant

ability to accelerate the aggregation reaction of Aβ peptides as well as β2-m12) and PrP.9)

Next, we investigated the relationship between the evolution of the ThT level and the

acoustic pressure of the second harmonics. The representative results are shown in Fig. 4. To

evaluate the lag time and the saturated value, we fitted the sigmoid function

f(t) = y0 +
ymax

1 + exp( t0.5−tτ )
(1)

to the measured ThT level. Here, y0 and ymax are the initial and maximum fluorescence

intensities, respectively, t0.5 is the time at which the fluorescence intensity reaches one-half

of the maximum value, and τ is the aggregation rate constant.31) The time course of the

ThT level is explained by the sigmoid function, and the maximum ThT level increased and

the lag time apparently decreased as the acoustic pressure increased. However, the ThT level

gradually decreased after its maximum at 5 h when the acoustic pressure is large.

4.3 Acoustic-pressure dependences of ThT level

To identify the dominant cause of ultrasonically induced aggregation, we systematically

investigated the acoustic-pressure dependences of the ThT level at 5 h for two driving fre-

quencies (26 and 200 kHz), two pH environments (pH 4.6 and 7.4), and with and without

Ar gas. The results are shown in Fig. 5. It should be noted that the acoustic pressure of

the fundamental wave fails to show a good correlation with the ThT level, whereas those

of harmonics show higher correlations with the ThT value. In particular, the correlation of

second harmonics with the ThT level is the highest. Furthermore, no significant difference

was observed for the ThT levels between solutions at pH 4.6 and 7.4. The ThT level in the

argon-gas saturated solution slightly rises.

4.4 Morphologies of aggregates

Interestingly, Aβ aggregates produced by UI at different pHs of the solution showed dif-

ferent morphologies. At pH 4.6, small aggregates with ∼200 nm diameter were dominant, as

shown in Fig. 6(a), whereas at pH 7.4, short fibrils of ∼1 µm length, as shown in Fig. 6(b),

and aggregates larger than 5 µm, as shown in Fig. 6(c), consisting of gathered short fibrils

were observed. However, long fibrils were few and they were not dominant structures at both

pHs.

5. Discussion

5.1 Time course of ThT level during UI

Figure 3 clearly demonstrates that UI causes acceleration of fibrillation much more effi-

ciently than the high-speed stirring procedure at 1,200 rpm and room-temperature incubation.
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The ThT level during UI application is maximized at 5 h and then decreases when the acoustic

pressure is high (solid squares in Fig. 4). Such a decrease in the ThT level after the maximum

was also reported for β2-m,12,13) and it was suggested that ThT fluorescence activity would

have been suppressed by UI, because previous studies included ThT in the β2-m solution from

the start. However, we applied UI to the ThT-free Aβ solution and then added ThT in the

solution in the ThT fluorescence assay. Therefore, this study confirms that the lowering of

the ThT level by UI is not related to the degradation of ThT activity. It is therefore reason-

able to attribute the decrease to the fragmentation of amyloid fibrils and breakage of β-sheet

structures by UI. The AFM images show that the representative length of a fibril produced

by UI is about 1 µm, as shown in Fig. 6. Thus, it is expected that the equilibrium length is

determined by the balance between elongation and fragmentation of the fibrils in the case of

UI-induced aggregation.

5.2 Relationship between acoustic pressure and fibrillation

Because the maximum ThT value appears at near 5 h, it is possible to evaluate the influ-

ence of acoustic pressure on the aggregation degree and the lag time efficiently by monitoring

the ThT level at 5 h. We thus used this 5 h ThT value for the systematic study of the

ultrasonically induced aggregation of the Aβ peptide.

Clarification of the ultrasonically induced aggregation mechanism requires identification

of a dominant effect among the three ultrasonic effects described in sect. 2: (I)simple enhance-

ment of agitation, (II) local condensation of peptide, and (III) temperature increase near the

bubble. As shown in Fig. 5, the correlation of the fundamental acoustic pressure with the ThT

level is poor, and it is poorer at 200 kHz than at 26 kHz. Therefore, the effect (I) cannot be

dominant for the fibrillation, because the fundamental mode has a large amplitude to carry

the peptide ove a long distance, and a higher frequency enhances the agitation effect more

effectively. Thus, this result indicates that measuring the acoustic pressure of the fundamental

wave will fail to clarify the aggregation mechanism.

Cavitations are generated when an aqueous solution is irradiated with a high-intensity

ultrasonic wave, and they cause strong nonlinearity in the acoustic pressure through shock

waves at the bubble collapse and highly nonlinear bubble dynamics.32–34) Therefore, the result

in Fig. 5, showing higher correlations between the acoustic pressures of harmonics and the

ThT level, strongly indicates that the ultrasonically induced aggregation phenomenon deeply

involves the cavitation phenomenon. Thus, we consider effect (II). Hydrophobic amino acid

residues of the peptides are attracted to the gas-liquid interface of cavitation bubbles, exposing

their hydrophilic residues to the solution side. Therefore, the peptides assemble along the

bubble surface accompanied by the bubble growth, and local condensation is achieved by

subsequent instantaneous collapse of the bubble. For example, Iefuji et al. reported that

crystallization of the protein was accelerated by applying an intense femtosecond light pulse,35)
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which causes bubble growth and collapse due to local boiling with the laser beam, leading to

nucleation through local condensation. It is expected that the effect will become noticeable

for low frequencies because the bubble radius and the surface area increase as the frequency

decreases. We simulated the dynamics of a single bubble in water using the Keller-Miksis

equation:36–38)(
1 − Ṙ

c∞

)
RR̈+

3

2

(
1 − 1

3

Ṙ

c∞

)
Ṙ2 =(

1 +
Ṙ

c∞

)
1

ρ∞

{
pb − PA sin

[
ω
(
t+

r

c∞

)]
− p∞

}
+

R

ρ∞c∞

∂pb
∂t

, (2)

pb =
(
p∞ +

2σ

R0

)(R0

R

)3γ
− 2σ

R
− 4µṘ

R
. (3)

Here, R, c∞, ρ∞, p∞, µ, σ, and γ denote the bubble radius, acoustic velocity in the liquid,

density of the liquid, hydrostatic pressure, viscosity of the liquid, surface tension of bubble,

and ratio of specific heat, respectively. PA is the driving-acoustic-pressure amplitude and R0

is the normal radius. The result in Fig. 7(a) shows that the maximum bubble radius at 26

kHz is larger than that at 200 kHz by a factor of 3.5. In fact, the ThT level at 26 kHz is

considerably higher, supporting the dominant contribution of effect (II).

The bubble is known to be negatively charged,24,25) and positively charged proteins could

be electrically collected near the bubble surface. The isoelectric point of the Aβ peptide occurs

at pH 5.2, and it should be positively or negatively charged at pH 4.6 or 7.4, respectively. If

the electrical interaction were dominant, we would expect an insignificant increase in the ThT

level at pH 7.4 because of repulsive interaction between the peptides and bubbles. However,

the ThT level at pH 7.4 is comparable to or slightly higher than that at pH 4.6 in Fig. 5,

indicating that this electrical interaction is negligible.

Effect (III) also appears to affect the fibrillation. The solubility of proteins often decreases

as temperature increases, which is dependent on the characteristics of hydrophobic residues.39)

This effect will enhance the supersaturation degree. Besides, the reaction rate for fibrillation

will be increased at elevated temperatures. It is known that the temperature at the bubble

collapse becomes higher by replacing the dissolved gas with Ar because of its larger specific-

heat ratio. As shown in the simulation in Fig. 7(b), the maximum temperature at bubble

collapse in an air-saturated solution (19,045 K) increases in an Ar-saturated solution (36,805

K) by a factor of 1.93. Thus, the replacement of the dissolved gas with Ar enhances sono-

chemical reaction rates. For example, the decomposition reaction of methylene blue by UI is

accelerated in the Ar-gas-saturated solution.14) UI with Ar gas appears to increase the ThT

level slightly (inverted triangles in Fig. 5), indicating that the high temperature region around

bubbles contributes to fibrillation, although this effect is too local to drastically accelerate the

aggregation.
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Therefore, the most important factor for the ultrasonically induced aggregation phe-

nomenon of Aβ peptides is local condensation near bubbles through adsorption of their hy-

drophobic residues on the bubble surface. Yoshimura et al. proposed a precipitation model

of β2-m by UI, where nucleation is caused by the transition to the labile region from the

metastable region in the phase diagram.29) A similar phenomenon will apply to Aβ peptides:

UI causes local condensation of the peptide, where the amount of dissolution of the pep-

tide increases and the degree of supersaturation is enhanced. Thus, the transition from the

metastable region to the labile region is conducted, as indicated by the arrow in Fig. 8(a).

The temperature near the bubble increases after collapse, backing up this transition as well.

In other words, an enhanced supersaturation state accompanies the change in the free-energy

landscape, because the intermediate state should become more stabilized,40) corresponding

to the lowering of the apparent energy barrier for the nucleation from the monomer. This

concept is illustrated in Fig. 8(b). Once the nucleus appears, fibrillation progresses naturally.

6. Conclusions

We confirmed the promotion of fibrillation of Aβ1−40 peptides by ultrasonic irradiation

using ThT fluorescence assay. The ThT level increased after a lag time, took a maximum at 5

h, and decreased when the second harmonics amplitude was large. We monitored the 5 h ThT

level and systematically studied correlations between the acoustic pressures of fundamental

and harmonics with the ThT level. Notable results are (i) the acoustic pressure of the second

harmonics wave exhibits the highest correlation, (ii) the ThT level is higher with the 26 kHz

transducer than with the 200 kHz transducer even with the same acoustic pressure, (iii) no

significant pH dependence is observed even across the isoelectrical point, (iv) a slight increase

in the ThT level appeared in UI for the Ar-gas-saturated solution. From these results, we

conclude that the dominant factor for ultrasonically induced fibrillation of the peptide is the

local condensation of the peptide and the temperature increase near cavitation bubbles, which

enhances the degree of supersaturation and lowers the energy barrier for nucleation.
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Figure Captions

Fig. 1. Schematic of the experimental system.

Fig. 2. Waveforms (a) and corresponding FFT spectra (b) measured in microtubes when the

26 kHz ultrasonic transducer is used. f0 denotes the fundamental frequency.

Fig. 3. Changes in the ThT level in Aβ1−40 solution at pH 4.6 caused by UI at 26 kHz (open

squares), stirring at 1,200 rpm (open triangles), and incubation at room temperature

(filled circles).

Fig. 4. Time courses of ThT level during UI at 26 kHz for Aβ solutions of pH 7.4. Solid lines

are fitted sigmoid functions. The dashed line indicates a decrease in ThT level due to

breakage of the β-sheet structures.

Fig. 5. (Color online) Relationships between acoustic pressures of fundamental and harmon-

ics waves with the ThT level at 5 h caused by UI. (a)-(c) are results with the 26 kHz

ultrasonic transducer and (d)-(f) are those with the 200 kHz transducer. Black solid cir-

cles and red open circles denote results for solutions with pH 7.4 and 4.6, respectively,

and blue inverted triangles are results for the Ar-gas-saturated solution at pH 7.4. The

linear correlation coefficients (CC) are shown.

Fig. 6. (Color online) AFM images (5 ×5 µm2) of Aβ aggregates produced by UI at 26 kHz

for 5 h for solutions with pH 4.6 (a) and pH 7.4 (b and c).

Fig. 7. (a) Calculated evolution of bubble radius at 26 kHz (solid line) and 200 kHz (dashed

line) and (b) calculated temperature change near the bubble collapse at 26 kHz in air-

saturated water (dashed line) and Ar-saturated water (solid line). Inset shows enlarged

temperature change near the peak for Ar-saturated water. Used parameters are as follows:

γ=1.4 and 1.67 for air and Ar, respectively, p∞=1.0 atm, PA=1.6 atm, R0=5.0 µm,

ρ∞=998.2 kg/m3, σ=7.275×10−2 N/m, µ=1.002×10−3 Pa·s, and c∞=1496 m/s. The

initial temperature T0 = 25 ◦C.

Fig. 8. Schematics of (a) phase diagram and (b) free energy diagram. (a) Phase diagram of Aβ

peptide will depend on concentration and temperature. Following Yoshimura et al.,29) we

classified four representative regions: In region 1 (thermally stable region), native-state

peptides exist. With an increase in concentration and temperature, their state moves

to region 2 (metastable region), where the solution is in the supersaturated state, but

no spontaneous nucleation occurs. A further increase in concentration and temperature

causes the transition to region 3 (labile region), where spontaneous nucleation for fib-

ril formation occurs. An excess increase in concentration and temperature will induce a

transition to region 4 (glass region), where amorphous-like aggregates are precipitated. In

our solutions, the peptide originally exists in region 2, but ultrasonication will move the

state to region 3 through local condensation and temperature increase. (b) Correspond-

ing change in free energy landscape of Aβ peptide by UI. Aβ monomers produce nuclei
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through intermediate aggregates. UI will lower the energies of intermediates through en-

hancement of supersaturation (red line). Because the energy barrier from intermediate

states to the nucleus will remain unchanged, the energy level from monomer to nucleus

is lowered. As the result, nucleation proceeds significantly, leading to fibrillation.
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