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Abstract
The deposition of amyloid beta-protein (Aβ) in the brain is a major pathological fea-
ture of Alzheimer's disease (AD). Recent studies have reported that Aβ pathology 
can be transmitted among individuals through medical procedures in humans, as well 
as animal models, and the prevention of Aβ pathology transmission is of great im-
portance to public health. To assess the effect of autoclaving (AC) or gamma (γ)-ray 
irradiation on Aβ pathology transmission, we evaluated the seeding effect of Aβ ag-
gregates using thioflavin T (ThT) assays and high-speed atomic force microscopy (HS-
AFM) and investigated the structural changes in the Aβ aggregates after treatment 
with AC or γ-ray irradiation using ThT assays, circular dichroism (CD) spectroscopy, 
and electron microscopy (EM). The ThT assays and HS-AFM showed that the seeding 
effect of Aβ aggregates was inactivated by AC at different temperatures, exposure 
times, and concentrations of Aβ aggregates during treatment with AC. The results 
of the ThT fluorescence and CD spectral patterns of the autoclaved Aβ aggregates 
indicate that AC reduced β-sheet-rich structures in Aβ aggregates. The EM images 
demonstrated that the length of the autoclaved Aβ aggregates with fibril-like struc-
tures was significantly shorter than that of the untreated ones. Gamma-ray irradiation 
of Aβ aggregates did not lead to significant inactivation of the Aβ seeding effect or 
cause structural changes in Aβ aggregates. In conclusion, autoclaving Aβ aggregates 
decreases β-sheet-rich structures and reduces Aβ seeding activity, which could lead to 
the development of effective methods for preventing the propagation of Aβ pathol-
ogy among individuals.
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1  |  INTRODUC TION

Neurodegenerative diseases, including Alzheimer's disease (AD), 
Parkinson's disease (PD), dementia with Lewy bodies (DLB), amyo-
trophic lateral sclerosis (ALS), and prion diseases, have similar patho-
logical features such as accumulation of misfolded proteins in the 
brain (Kushwah et al., 2020; Thomzig et al., 2014). Misfolded proteins, 
such as amyloid beta-protein (Aβ) and tau protein in AD, alpha (α)-
synuclein in PD and DLB, transactive response DNA-binding protein 
of 43 kDa in ALS, and prion protein (PrP) in prion diseases, are associ-
ated with their corresponding disease pathogenesis. Conformational 
changes in these proteins from their native states to pathogenic states 
are associated with irreversible damage to the central nervous sys-
tem, leading to various neurological symptoms (Soto et al., 2018).

Aβ is the main component of senile plaques, which are the major 
pathological features of AD and consists of 37–43 amino acids (Tiwari 
et al., 2019; Watts et al., 2018). The most common forms of Aβ are 
Aβ1-40 (Aβ40) and Aβ1-42 (Aβ42). Aβ42 is highly neurotoxic and can 
easily form Aβ42 aggregates (Srivastava et al., 2019; Tiwari et al., 2019). 
The Aβ aggregation is based on “nucleation-dependent polymerization 
models,” and Aβ generates fibrillar structures through polymers, in-
cluding low-molecular-weight oligomers, high-molecular-weight oligo-
mers, and protofibrils (Chatani et al., 2018; Hoshino, 2017; Ono et al., 
2020; Penke et al., 2017). During Aβ aggregation, secondary structures 
transited from random coil structures to β-sheets via α-helices were 
observed, and different types of secondary structures of Aβ aggre-
gates show different spectral patterns in circular dichroism (CD) spec-
troscopy (Ono et al., 2010, 2013). Among the polymers, oligomeric 
and protofibril species of Aβ aggregates are more cytotoxic than fully 
mature fibrils (Kotler et al., 2014; Matsumura et al., 2011; Nguyen & 
Derreumaux, 2020; Nguyen et al., 2021; Sahoo et al., 2020; Said et al., 
2020). Molecular analysis of the interaction between Aβ oligomers and 
the cell membrane is of great importance to reveal the biological fea-
tures of Aβ oligomer neurotoxicity. Previous reports demonstrated that 
the interaction of Aβ oligomers and ganglioside-containing cell mem-
branes developed structural conversions from α-helices to β-sheets in 
Aβ aggregates (Cheng et al., 2020; Rudajev et al., 2020). However, the 
precise pathomechanisms of neuronal damage caused by Aβ oligomers 
remain uncertain because of their transient and heterogeneous prop-
erties (Cawood et al., 2021; Nguyen et al., 2020).

Previous studies indicated that misfolded proteins are transmissi-
ble among individuals as a behavior of PrP (Jucker et al., 2018; Yamada 
et al., 2019). Aβ has been reported to self-propagate, and numerous 
studies have shown that Aβ pathology can propagate among individu-
als under experimental settings using mouse models (Burwinkel et al., 
2018; Hamaguchi et al., 2012; Jucker et al., 2018; Langer et al., 2011; 
Meyer-Luehmann et al., 2006; Watts et al., 2011). In clinical situations, 
pathological studies of autopsied patients with iatrogenic Creutzfeldt-
Jakob disease indicated that Aβ pathology in the brain might be trans-
mitted among humans via medical procedures, such as human cadaveric 
dura mater grafting and human cadaveric pituitary-derived growth 
hormone injections (Cali et al., 2018; Duyckaerts et al., 2018; Frontzek 
et al., 2016; Hamaguchi et al., 2016; Jaunmuktane et al., 2015; Kovacs 

et al., 2016; Preusser et al., 2006; Purro et al., 2018; Ritchie et al., 2017; 
Simpson et al., 1996). Several studies have shown that transmission of 
Aβ pathology via dura mater grafts or neurosurgical instruments can 
cause symptomatic Aβ-cerebral amyloid angiopathy-related hemor-
rhages after incubation periods of 25 years or longer (Banerjee et al., 
2019; Ehling et al., 2012; Hamaguchi et al., 2019; Hervé et al., 2018; 
Jaunmuktane et al., 2018; Nakayama et al., 2017; Purrucker et al., 2013; 
Raposo et al., 2020; Yamada et al., 2019; Yoshiki et al., 2021). Therefore, 
the development of inactivation methods for Aβ seeding activity is crit-
ical to prevent iatrogenic transmission of Aβ pathology.

Several sterilization treatments, such as autoclaving (AC), hy-
drogen peroxide gas plasma sterilization, and gamma (γ)-ray irradi-
ation, have been widely used for the sterilization of surgical devices 
(Harrell et al., 2018; Yoo, 2018). The effectiveness of formic acid 
sterilization, formaldehyde fixation, boiling, and hydrogen peroxide 
gas plasma sterilization in preventing the propagation of Aβ pathol-
ogy have been analyzed (Eisele et al., 2009; Fritschi et al., 2014; 
Meyer-Luehmann et al., 2006). Application of 70% formic acid for 
1 h or plasma sterilization using a STERRAD 100 S hydrogen per-
oxide gas plasma sterilizer diminished Aβ seeding activity under ex-
perimental conditions in transgenic AD mouse models (Eisele et al., 
2009; Meyer-Luehmann et al., 2006). Although formic acid steriliza-
tion is not commonly preferred because of its hazardous and toxic 
properties (Pietzke et al., 2020), hydrogen peroxide gas plasma ster-
ilization is widely used for neurosurgical devices.

Previous reports have demonstrated that AC was effective in 
inactivating PrP transmission, and combination methods of AC with 
chemical detergents, such as sodium hydroxide (NaOH), alkaline 
detergent, and sodium dodecyl sulfate (SDS), are recommended for 
sterilizing devices used on patients with prion diseases (Fichet et al., 
2004, 2007). A recent study reported that the seeding activity of α-
synuclein was also inactivated by AC in animal experiments (Tarutani 
et al., 2018). However, no studies have elucidated the underlying 
molecular mechanisms of the sterilization method.

To establish other methods for inactivating Aβ seeding activities and 
reveal its underlying molecular mechanisms, the changes in Aβ seeding 
activities and steric structures of Aβ aggregates after treatment with 
the AC or γ-ray irradiation sterilization methods were examined. In this 
study, thioflavin T (ThT) assays and high-speed atomic force microscopy 
(HS-AFM) were performed to evaluate Aβ seeding activities. In addition, 
ThT assays, CD spectroscopy, and electron microscopy (EM) were used 
to investigate the structural features of Aβ aggregates.

2  |  MATERIAL S AND METHODS

The study was not pre-registered.

2.1  |  Ethical statement

No animal was used in this study. We confirm that institutional ethi-
cal approval was not required for this study.
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2.2  |  Preparation of Aβ samples

Synthetic Aβ40 (cat.no. 4307-v) and Aβ42 (cat.no. 4349-v) peptide 
lyophilizates (a trifluoroacetate form, purity ≥ 95.0% evaluated 
using high-performance liquid chromatography) were purchased 
from a chemical facility (Peptide Institute, Inc.). The peptide lyo-
philizates were stored at −80°C until use. The Aβ peptide lyophili-
zates were dissolved at a concentration of 25 µM in mixed buffers 
containing 10% (v/v) of 0.02% ammonia solution and 90% (v/v) of 
10 mM phosphate buffer (pH 7.4) and sonicated for 1 min using an 
ultrasonic disruptor, UD-201 (TOMY SEIKO Co., Ltd.). Sonicated 
Aβ solutions were immediately frozen in liquid nitrogen and stored 
at −80°C until use. The frozen samples were thawed and centri-
fuged at 16 000 g at 4°C for 10 min using a centrifugal machine, 
MX-300 (TOMY SEIKO Co., Ltd.). We used the supernatant of the 
samples (non-aggregated Aβ40 and Aβ42). We defined the Aβ con-
centrations of each sample using the concentrations of Aβ at the 
dissolution process of Aβ peptides, as previously reported (Ono 
et al., 2012).

To prepare Aβ aggregates, non-aggregated Aβ40 and Aβ42 
were incubated at 37°C for 10 days (Aβ40) (untreated Aβ40 ag-
gregates) or 2 days (Aβ42) (untreated Aβ42 aggregates). The Aβ 
aggregates in this study contain multiple compounds, including 
Aβ fibrils (fAβ), protofibrils, and oligomers, because these com-
ponents would be in equilibrium, as previously reported (Lu et al., 
2013; Roychaudhuri et al., 2009). Each sample was stored at 
−80°C until use.

2.3  |  AC procedure of untreated Aβ aggregates

A 500 µl aliquot of untreated Aβ40 and Aβ42 aggregates was poured 
into Myghty vials (Maruemu Corp., cat.no. 5-115-01). These samples 
were incubated in a gravity displacement-type AC, LSX-300 (TOMY 
SEIKO Co., Ltd.), under the following conditions: temperature: 105, 
110, 115, and 120°C (Aβ40); 105, 110, 115, 120, 125, 130, and 
135°C (Aβ42); exposure times: 5, 15, 30, and 60 min (Aβ40), and 5, 
15, 30, 60, 90, and 120 min (Aβ42). After the AC procedures, each 
sample was immediately put on ice and stored at −80°C until use 
(autoclaved Aβ aggregates).

2.4  |  Gamma-ray irradiation of untreated 
Aβ aggregates

A 500  µl aliquot of untreated Aβ40 and Aβ42 aggregates was 
poured into Protein Lobind tubes (Eppendolf Japan Co., Ltd., cat.
no. 0030108116) and sent to a sterilization facility (Koga Isotope, 
Ltd.) under cold conditions (−15°C). These samples were irradi-
ated with γ-rays (25 or 50  kGy). After the treatments, these 
samples were sent back to our laboratory under cold conditions 
(−15°C) and stored at −80°C until use (Aβ aggregates with γ-ray 
irradiation).

2.5  |  Monitoring of temporal changes 
in the ThT fluorescence of Aβ assembly 
containing non-aggregated Aβ and Aβ aggregates 
with different treatments

To evaluate the seeding activities of different types of Aβ aggregates 
(untreated Aβ aggregates, autoclaved Aβ aggregates, and Aβ aggre-
gates with γ-ray irradiation), we monitored temporal changes in the 
Aβ aggregates quantities in mixed samples containing Aβ aggregates 
and non-aggregated Aβ by ThT assays. We thawed untreated Aβ 
aggregates, autoclaved Aβ aggregates, and Aβ aggregates with γ-
ray irradiation. Each sample was sonicated on ice for 30 s using an 
ultrasonic disruptor. Sonicated Aβ aggregates were added to non-
aggregated Aβ solutions at a ratio of 1:9 (v/v). After brief vortexing, 
the mixed samples were incubated at 37°C for 7 days (Aβ40) (Aβ40 
assembly) or 12 h (Aβ42) (Aβ42 assembly). Non-aggregated Aβ with-
out Aβ aggregates were also incubated at 37°C for 7 days (Aβ40) 
(Aβ40 assembly) or 12 h (Aβ42) (Aβ42 assembly).

To perform the ThT assays, we prepared 5  µM ThT solutions 
(Wako Pure Chemical Industries, Ltd., cat.no. 02-01002). ThT has 
been used for quantitative studies of Aβ aggregates by binding to 
β-sheet-rich structures in Aβ aggregates (Biancalana et al., 2010). 
ThT was dissolved in mixed buffers containing 10% (v/v) of 50 mM 
glycine-NaOH buffer (pH 8.5) and 90% (v/v) of double distilled water 
(DDW). We prepared mixed buffers containing 1 ml of ThT solution 
and 3  µl of Aβ samples (Aβ40 and Aβ42 assemblies), and the ThT 
fluorescence of the mixed buffers was measured three times using 
a Hitachi F-7000 fluorometer (Hitachi High-Tech Science Corp.). 
Excitation and emission wavelengths of 450 nm and 482 nm were 
used for this assay. Fluorescence was determined by the mean of 
four measurements by subtraction of the ThT blank readings. The 
ThT fluorescence of Aβ aggregates would increase unless the ThT 
fluorescence of sample buffers was not subtracted from the raw ThT 
fluorescence of Aβ samples. The seeding activity of Aβ aggregates 
was analyzed using a 50% seeding dose (SD50), which was defined as 
the time at 50% of the peak value of Aβ aggregates in the seeding as-
says. Shorter times of SD50 in the seeding assays indicated a higher 
seeding activity of Aβ aggregates in this study. To calculate SD50 in 
the seeding assays, sigmoidal curve fittings of the ThT fluorescence 
data were performed using Igor Pro version 8 software (HULINKS 
Inc.).

Another ThT assay using Aβ aggregates treated with AC at dif-
ferent concentrations of Aβ aggregates was performed to evaluate 
the seeding activity of autoclaved Aβ aggregates treated at differ-
ent concentrations. Untreated Aβ aggregates at a concentration 
of 25 µM were diluted in 10 mM phosphate buffer (pH 7.4) at the 
concentrations of 0.25  µM and 2.5  µM. To prepare untreated Aβ 
aggregates at a concentration of 250 µM, the Aβ peptide lyophiliza-
tes were dissolved at a concentration of 250  µM in mixed buffer 
containing 10% (v/v) of 0.02% ammonia solution and 90% (v/v) of 
10 mM phosphate buffer (pH 7.4) and incubated for 10 days (Aβ40) 
(untreated Aβ40 aggregates) or 2 days (Aβ42) (untreated Aβ42 ag-
gregates) with agitation at 37°C.
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A 500 µl aliquot of each Aβ aggregate sample at different con-
centrations (0.25, 2.5, 25, and 250 µM) was poured into glass bottles. 
These samples were autoclaved at 105°C for 5 min (Aβ40) or 120°C 
for 30  min (Aβ42). After the AC procedures, these samples were 
diluted in 10 mM phosphate buffer at a concentration of 0.25 μM 
for the Aβ aggregates. The samples were sonicated for 30 s, and a 
500 μl aliquot of each sonicated Aβ aggregate sample (0.25 µM) was 
incubated with 45 µl of non-aggregated Aβ (25 µM) (final concen-
trations: non-aggregated Aβ: 2.1 µM, Aβ aggregates: 0.23 µM). This 
procedure meant that the concentrations of Aβ aggregates, which 
were added to non-aggregated Aβ, were same in all Aβ assemblies in 
both Aβ40 and Aβ42. These mixed samples were incubated at 37°C 
for 9 days (Aβ40) (Aβ40 assembly) or 2 days (Aβ42) (Aβ42 assembly). 
We prepared 10 µM ThT solutions containing 10% (v/v) of 50 mM 
glycine-NaOH buffer (pH 8.5) and 90% (v/v) of DDW. We prepared 
mixed buffers containing 1 ml of ThT solution (10 µM) and 5 µl of Aβ 
samples (Aβ40 and Aβ42 assemblies). The ThT fluorescence of the 
mixed buffers was measured four times using a Hitachi F-7000 flu-
orometer. The seeding activity of Aβ aggregates was analyzed using 
the SD50.

2.6  |  Video imaging of elongation of Aβ42 
aggregates with HS-AFM

The Aβ42 peptide lyophilizates were diluted at a concentration of 
200  μM in mixed buffers containing 10% (v/v) of 0.02% ammonia 
solution and 90% (v/v) of 10 mM phosphate buffer (pH 7.4). To re-
move large Aβ42 aggregates, which would interrupt the observa-
tion of small Aβ42 aggregates in HS-AFM, the solution was poured 
into Amicon Ultrafiltration devices (30  K) (Merck Co., Ltd., cat.
no. UFC503096), and centrifuged at 14  000  g at 4°C for 15  min. 
After measuring the Aβ42 concentration in the filtrate using a V-
650 ultraviolet-visible spectrophotometer (JASCO), the sample was 
stored at −80°C until use (Aβ42 with filtration). A 500 µl aliquot of 
untreated Aβ42 aggregates at a concentration of 25 µM was auto-
claved at 120°C for 30 min or 135°C for 120 min, and these samples 
were stored at −80°C until use (autoclaved Aβ42 aggregates). We 
reconstituted untreated and autoclaved Aβ42 aggregates as well as 
Aβ42 with filtration at 5  µM in 10  mM phosphate buffer (pH 7.4) 
containing 100 mM NaCl.

A sample–scanning type of HS-AFM was operated in the am-
plitude modulation–tapping mode with a BL-AC10DS-A2 can-
tilever (Olympus Corp.) (Ando et al., 2001; Sahoo et al., 2019; 
Uchihashi et al., 2012; Watanabe-Nakayama et al., 2016, 2020). 
The cantilever probes were prepared at the top of the cantilevers 
by electron-beam deposition using the scanning electron micro-
scope mode of ELS-7500, which is an electron lithography system 
(Elionix Inc.). The operation methods of HS-AFM were based on a 
previous report (Watanabe-Nakayama et al., 2016, 2020). Before 
the injection of Aβ42 with filtration into the sample chamber of 
HS-AFM, a 2 µl aliquot of each Aβ42 aggregate sample (untreated 
Aβ42 aggregates and autoclaved Aβ42 aggregates treated at 

120°C for 30 min or 135°C for 120 min) was spotted onto mica to 
attach the Aβ42 aggregates. Each sample was incubated on mica 
at room temperature (RT) (22°C) for 20  min. After incubation, 
the mica was washed out using 20  µl of 10  mM phosphate buf-
fer (pH 7.4) containing 100 mM NaCl, and Aβ42 aggregates were 
observed using HS-AFM. The frame rates of the four different 
groups of HS-AFM images were 0.1 frames per second, and the 
pixel sizes were 400 × 400. Aβ42 with filtration at a concentration 
of 5 µM containing 100 mM NaCl was used as the buffer in the 
sample chamber of HS-AFM.

We monitored the elongation of Aβ42 aggregates in four differ-
ent groups (Aβ42 with filtration incubated with untreated Aβ42 ag-
gregates, autoclaved Aβ42 aggregates treated at 120°C for 30 min, 
autoclaved Aβ42 aggregates treated at 135°C for 120  min, or no 
Aβ42 aggregates). All four groups were examined three times, and 
HS-AFM images were captured every 10 s. The number of Aβ42 ag-
gregates was counted every 100 s. The length of all Aβ42 aggregates 
was measured by subtracting the initial length from the final length 
of the Aβ42 aggregates. The total elongation period of each Aβ42 
aggregate was measured. The elongation speed of the Aβ42 aggre-
gates was also calculated.

2.7  |  Evaluation of ThT fluorescence in Aβ 
aggregates after treatment with AC or γ-ray 
irradiation

To evaluate the structural changes in Aβ aggregates after treatment 
with AC or γ-ray irradiation, we performed ThT assays using differ-
ent types of Aβ aggregates. We prepared three different types of 
Aβ40 and Aβ42 aggregates as follows: untreated Aβ aggregates, 
autoclaved Aβ aggregates (120°C for 5  min: Aβ40 or 135°C for 
120 min: Aβ42), and Aβ aggregates with γ-ray irradiation at 50 kGy. 
It took approximately 1 h for the Aβ40 aggregates to perform AC at 
120°C for 5 min in glass bottles. A 500 µl aliquot of each sample (un-
treated Aβ40 aggregates and Aβ40 aggregates with γ-ray irradiation 
at 50 kGy) was poured into glass bottles, and incubated at RT (22°C) 
for 1 h to make sample conditions equal among the different Aβ40 
aggregates samples (untreated Aβ40 aggregates, autoclaved Aβ40 
aggregates treated at 120°C for 5 min, and Aβ40 aggregates with 
γ-ray irradiation at 50 kGy) except for treatment (AC or γ-ray irradia-
tion). It took approximately 4 h for Aβ42 aggregates to perform AC 
at 135°C for 120 min in glass bottles. A 500 µl aliquot of each sample 
(untreated Aβ42 aggregates, and Aβ42 aggregates with γ-ray irra-
diation at 50 kGy) was poured into glass bottles, and we incubated 
these samples at RT (22°C) for 4 h to ensure equal sample conditions 
among them (untreated Aβ42 aggregates, autoclaved Aβ42 aggre-
gates treated at 135°C for 120 min, and Aβ42 aggregates with γ-ray 
irradiation at 50 kGy), except for treatment (AC or γ-ray irradiation). 
A 500 µl aliquot of 10 mM phosphate buffer was also poured into 
glass bottles and incubated at RT (22°C) for 1 or 4 h as control sam-
ples. ThT fluorescence of each sample was examined using the same 
seeding assay protocol described above.
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2.8  |  Measurement of spectral patterns of Aβ 
aggregates in CD spectroscopy

We examined the CD spectral patterns of different types of Aβ ag-
gregates to study the structural changes in Aβ aggregates after treat-
ment (AC or γ-ray irradiation). A 200 µl aliquot of non-aggregated 
Aβ, untreated Aβ aggregates, and autoclaved Aβ aggregates treated 
under the following conditions: temperatures: 105, 110, 115, and 
120°C (Aβ40); 120, 125, 130, and 135°C (Aβ42); exposure times: 
5, 15, 30, and 60 min (Aβ40), and 30, 60, 90, and 120 min (Aβ42), 
and Aβ aggregates with γ-ray irradiation (25 or 50 kGy) were placed 
into a CD cuvette with a path length of 1 mm (Hellma, cat.no. 100-
1-20). Spectrum signals of Aβ aggregates were recorded from 185 to 
250 nm at a 0.1-nm resolution with a scan rate of 50 nm/min using a 
J-805 spectropolarimeter (JASCO). Ten scans were performed, and 
raw datasets were manipulated by smoothing and subtracting the 
buffer spectra according to the manufacturer's instructions. The 
datasets were converted to molar ellipticity (kdeg-cm2/dmol).

2.9  |  EM images of Aβ aggregates with fibril-
like structures

We evaluated the structural features of Aβ aggregates with fibril-like 
structures between untreated and autoclaved Aβ aggregates. Each un-
treated and autoclaved Aβ aggregate sample (120°C for 5 min: Aβ40, 
135°C for 120 min: Aβ42) was diluted two-fold in 10 mM phosphate 
buffer (pH 7.4). A 20 µl aliquot of each sample was spotted onto glow-
discharged, carbon-coated formvar grids (Okenshoji Co., Ltd., cat.no. 
10-1009) and incubated for 20 min. The droplets were displaced by 
an equal volume of 2.5% (v/v) glutaraldehyde solution (Wako Pure 
Chemical Industries Ltd., cat.no. 073-00536) and incubated for an ad-
ditional 4 min. The grids were stained with 15 µl of 1% (v/v) uranyl 
acetate dihydrate (Wako Pure Chemical Industries Ltd., cat.no. 94260). 
These solutions were removed, and the grids were air-dried. The EM 
images were examined using a Hitachi H-7650 (Hitachi High-Tech 
Science Corp.). We randomly selected 30 fibers of Aβ aggregates with 
fibril-like structures, and the width and length of Aβ aggregates with 
fibril-like structures were measured. The magnification of the EM im-
ages was 30 000× when we measured the width of Aβ aggregates with 
fibril-like structures and 5000–30 000× when we measured the length 
of Aβ aggregates with fibril-like structures.

2.10  |  Statistical analysis

Neither inclusion nor exclusion criteria were pre-determined in this 
study. Prior to statistical analysis, datasets were assessed for nor-
mality using a D'Agostino and Pearson test in the GraphPad Prism 
software (version 8.0.2; MDF Co., Ltd.). Unfortunately, we could not 
check the normality of data of SD50 and ThT fluorescence in the ThT 
assays because of the insufficient numbers of data. A one-way fac-
torial ANOVA followed by Dunnett’s post hoc comparisons was used 

to evaluate statistical significance in SD50 among non-aggregated 
Aβ and each Aβ aggregates (untreated Aβ aggregates, autoclaved 
Aβ aggregates treated with different conditions of AC at different 
temperatures or different exposure times and Aβ aggregates with 
γ-ray irradiation) in the evaluation of seeding activities of Aβ aggre-
gates after different treatments using ThT assays. A one-way facto-
rial ANOVA followed by Tukey post hoc comparisons was used to 
evaluate statistical significance in SD50 among non-aggregated Aβ 
and each Aβ aggregate (untreated Aβ aggregates and autoclaved Aβ 
aggregates treated at different concentrations) in the evaluation of 
the seeding activities of Aβ aggregates after AC at different concen-
trations using ThT assays. The statistical significance of the ThT fluo-
rescence among the samples (10 mM phosphate buffer, untreated 
Aβ aggregates, autoclaved Aβ aggregates, and Aβ aggregates with 
γ-ray irradiation at 50 kGy) was also evaluated using a one-way fac-
torial ANOVA followed by Tukey post hoc comparisons. These tests 
were performed using a GraphPad Prism software (version 8.0.2).

The results of both the elongation speed of Aβ42 aggregates in 
HS-AFM and the length of Aβ aggregates with fibril-like structures 
in EM images were not normally distributed, and we used Brunner–
Munzel tests to evaluate the statistical significance of the HS-AFM 
datasets without assuming normal distribution and equal variance, as 
previously reported (Watanabe-Nakayama et al., 2016, 2020). These 
tests were performed using a R software version 3.6.2. The length of 
Aβ aggregates with fibril-like structures in EM images was evaluated 
using a Mann–Whitney U test using a GraphPad Prism software. The 
width of Aβ aggregates with fibril-like structures in EM images was 
evaluated using a t-test based on the normal distribution of data. We 
described the statistical data in the manuscript using the following 
terms: P-value (p), F-value (f), T-value (t), and degrees of freedom (df). 
The level of significance was set at p < 0.05.

The temporal changes in the ThT fluorescence of the Aβ assem-
blies containing non-aggregated Aβ and Aβ aggregates treated with 
different agents are presented as mean values, while the error bars 
indicate standard deviations (SD) (Figures 1 and 2). All data of the 
SD50 in the ThT assays are plotted in the bar graphs showing the 
mean values of the SD50, while the error bars indicate SD (Figures 
1 and 2). The temporal changes in the cumulative number of Aβ42 
aggregates during the observation of the elongation of Aβ42 aggre-
gates using HS-AFM are presented as real numbers (Figure 3e), while 
the elongation speed of the Aβ42 aggregates during the observation 
of the elongation of Aβ42 aggregates using HS-AFM are presented 
as median values in the box-and-whisker plot (Figure 3f). All data of 
the ThT fluorescence in the ThT assays are plotted in the bar graphs 
showing the mean values of the ThT fluorescence, while the error 
bars indicate SD (Figure 4). Spectral curves of Aβ aggregates in CD 
spectroscopy are presented as the mean values of the spectrum sig-
nals of Aβ aggregates (Figure 5). All data of the width and length of 
Aβ aggregates with fibril-like structures in EM images are plotted 
in the bar graphs showing the mean values of each measurement, 
while the error bars indicate SD (Figure 6e, f). No randomization was 
performed to allocate subjects in this study. Blinding was not per-
formed and test for outliers was not conducted. In this study, no 
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F I G U R E  1  Temporal changes in the thioflavin T (ThT) fluorescence of amyloid beta-protein (Aβ) assemblies containing non-aggregated Aβ and Aβ 
aggregates treated with different agents. The temporal changes in the ThT fluorescence (a–h) and 50% seeding dose (SD50) (i–p) of six different types 
of Aβ1-40 (Aβ40) and Aβ1-42 (Aβ42) assemblies are shown as follows: (a) and (i), 1. Non-aggregated Aβ40 and Aβ40 aggregates without AC (Aβ40-
no treatment); 2–5. Non-aggregated Aβ40 and autoclaved Aβ40 aggregates treated at 105°C for 5 min (Aβ40-AC 105°C for 5 min), 110°C for 5 min 
(Aβ40-AC 110°C for 5 min), 115°C for 5 min (Aβ40-AC 115°C for 5 min), and 120°C for 5 min (Aβ40-AC 120°C for 5 min); and 6. Non-aggregated 
Aβ40 without Aβ40 aggregates; (b) and (j), 1. Aβ40-no treatment; 2–5. Non-aggregated Aβ40 and autoclaved Aβ40 aggregates treated at 105°C 
for 5 min (Aβ40-AC 105°C for 5 min), 105°C for 15 min (Aβ40-AC 105°C for 15 min), 105°C for 30 min (Aβ40-AC 105°C for 30 min), and 105°C for 
60 min (Aβ40-AC 105°C for 60 min); and 6. Non-aggregated Aβ40 without Aβ40 aggregates; (c) and (k), 1. Non-aggregated Aβ42 and Aβ42 aggregates 
without AC (Aβ42-no treatment); 2–5. Non-aggregated Aβ42 and autoclaved Aβ42 aggregates treated at 105°C for 5 min (Aβ42-AC 105°C for 5 min), 
110°C for 5 min (Aβ42-AC 110°C for for 5 min), 115°C for 5 min (Aβ42-AC 115°C for 5 min), and 120°C for 5 min (Aβ42-AC 120°C for 5 min); and 
6. Non-aggregated Aβ42 without Aβ42 aggregates; (d) and (l), 1. Aβ42-no treatment; 2–5. Non-aggregated Aβ42 and autoclaved Aβ42 aggregates 
treated at 105°C for 5 min (Aβ42-AC 105°C for 5 min), 105°C for 15 min (Aβ42-AC 105°C for 15 min), 105°C for 30 min (Aβ42-AC 105°C for 30 min), 
and 105°C for 60 min (Aβ42-AC 105°C for 60 min); and 6. Non-aggregated Aβ42 without Aβ42 aggregates; (e) and (m), 1. Aβ42-no treatment; 2–5. 
Non-aggregated Aβ42 and autoclaved Aβ42 aggregates treated at 120°C for 30 min (Aβ42-AC 120°C for 30 min), 125°C for 30 min (Aβ42-AC 125°C 
for 30 min), 130°C for 30 min (Aβ42-AC 130°C for 30 min), and 135°C for 30 min (Aβ42-AC 135°C for 30 min); and 6. Non-aggregated Aβ42 without 
Aβ42 aggregates; (f) and (n), 1. Aβ42-no treatment; 2–5. Non-aggregated Aβ42 and autoclaved Aβ42 aggregates treated at 135°C for 30 min (Aβ42-AC 
135°C for 30 min), 135°C for 60 min (Aβ42-AC 135°C for 60 min), 135°C for 90 min (Aβ42-AC 135°C for 90 min), and 135°C for 120 min (Aβ42-
AC 135°C for 120 min); and 6. Non-aggregated Aβ42 without Aβ42 aggregates; (g) and (o), 1. Aβ40-no treatment; 2, 3. Non-aggregated Aβ40 and 
Aβ40 aggregates with γ-ray irradiation at 25 kGy (Aβ40-γ-ray 25 kGy) and 50 kGy (Aβ40-γ-ray 50 kGy); and 4. Non-aggregated Aβ40 without Aβ40 
aggregates; (h) and (p), 1. Aβ42-no treatment; 2, 3. Non-aggregated Aβ42 and Aβ42 aggregates with γ-ray irradiation at 25 kGy (Aβ42-γ-ray 25 kGy) 
and 50 kGy (Aβ42-γ-ray 50 kGy); and 4. Non-aggregated Aβ42 without Aβ42 aggregates. Average values of four ThT fluorescence measurements in 
each Aβ assembly are plotted with error bars indicating standard deviations (SD) (a–h). Four datasets of SD50 in each Aβ assembly are plotted in bar 
graphs indicating the mean values of SD50, while the error bars indicate SD (i–p). Asterisks indicate statistical significance between the two groups 
indicated by brackets (*p < 0.05, **p < 0.01, ***p < 0.001) (one-way ANOVA with Dunnett’s post hoc comparison)

F I G U R E  2  Temporal changes in the thioflavin T (ThT) fluorescence of amyloid beta-protein (Aβ) assemblies containing non-aggregated 
Aβ and Aβ aggregates autoclaved at different concentrations. We show the temporal changes in the ThT fluorescence (a and b) and 50% 
seeding dose (SD50) (c and d) of six different types of Aβ1-40 (Aβ40) assemblies and Aβ1-42 (Aβ42) assemblies as follows: (a) and (c), 1. 
Non-aggregated Aβ40 and Aβ40 aggregates without AC (Aβ40-no treatment); 2–5. Non-aggregated Aβ40 and autoclaved Aβ40 aggregates 
treated at a concentration of 250 µM (Aβ40-AC 250 µM), 25 µM (Aβ40-AC 25 µM), 2.5 µM (Aβ40-AC 2.5 µM), and 0.25 µM (Aβ40-AC 
0.25 µM); and 6. Non-aggregated Aβ40 without Aβ40 aggregates; (b) and (d), 1. Non-aggregated Aβ42 and Aβ42 aggregates without 
AC (Aβ42-no treatment); 2–5. Non-aggregated Aβ42 and autoclaved Aβ42 aggregates treated at a concentration of 250 µM (Aβ42-AC 
250 µM), 25 µM (Aβ42-AC 25 µM), 2.5 µM (Aβ42-AC 2.5 µM), and 0.25 µM (Aβ42-AC 0.25 µM); and 6. Non-aggregated Aβ42 without Aβ42 
aggregates. Average values of four ThT fluorescence measurements in each Aβ assembly are plotted with errar bars indicating standard 
deviations (SD) (a and b). Four datasets of SD50 in each Aβ assembly are plotted in bar graphs indicating mean values of SD50, while the error 
bars indicate SD (c and d). Asterisks indicate statistical significance between the two groups indicated by brackets (*p < 0.05, **p < 0.01, 
***p < 0.001) (one-way ANOVA with Tukey post hoc comparisons)
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pre-determined samples size calculation was applied, and the sample 
sizes were based on previous studies (Ono et al., 2012; Watanabe-
Nakayama et al., 2016, 2020).

3  |  RESULTS

3.1  |  Evaluation of Aβ seeding activity using ThT 
assays

The temporal changes in the ThT fluorescence of six different types 
of Aβ40 assemblies containing non-aggregated Aβ40 and untreated 
or autoclaved Aβ40 aggregates are shown in Figure 1a, b. AC condi-
tions for Aβ40 aggregates were changed as follows: temperatures: 
105, 110, 115, and 120°C; exposure times: 5, 15, 30, and 60 min. The 
ThT fluorescence of the Aβ40 assembly containing non-aggregated 
Aβ40 without Aβ40 aggregates demonstrated a sigmoidal curve, 

characterized by a lag-time of 0–12  h, followed by an elongation 
time of 0.5–7 days (Figure 1a, b). Incubation of the Aβ40 assembly 
containing non-aggregated Aβ40 and Aβ40 aggregates without AC 
(Aβ40-no treatment) resulted in a hyperbolic increase in the ThT 
fluorescence, characterized by a 0–4  h period of elongation time 
followed by a plateau state of the maximum fluorescence inten-
sity after 4–24 h (Figure 1a, b). The increasing speed of ThT fluo-
rescence of the Aβ40 assemblies containing non-aggregated Aβ40 
and autoclaved Aβ40 aggregates was slower at AC conditions of 
higher temperatures or longer exposure times (Figure 1a, b). There 
were significant differences in SD50 among non-aggregated Aβ40 
without Aβ40 aggregates and Aβ40-no treatment (p < 0.001), and 
Aβ40 assemblies containing non-aggregated Aβ40 and autoclaved 
Aβ40 aggregates treated at 105°C for 5  min (p  <  0.001), 110°C 
for 5 min (p < 0.001), and 105°C for 15 min (p < 0.001) (one-way 
ANOVA with Dunnett’s post hoc comparisons, f = 108.7 and 50.7) 
(Figure 1i, j). In contrast, there were no significant differences in 

F I G U R E  3  Observation of the seeding effects of amyloid beta-protein 1–42 (Aβ42) aggregates with high-speed atomic force microscopy 
(HS-AFM) and analysis of the cumulative number and elongation speed of Aβ42 aggregates. We show four different groups of HS-AFM 
images as follows: (a) Aβ42 with filtration incubated without Aβ42 aggregates (non-aggregated Aβ42 without Aβ42 aggregates); (b) Aβ42 
with filtration incubated with untreated Aβ42 aggregates (no treatment); (c) Aβ42 with filtration incubated with autoclaved Aβ42 aggregates 
treated at 120°C for 30 min (AC 120°C for 30 min); (d) Aβ42 with filtration incubated with autoclaved Aβ42 aggregates treated at 135°C for 
120 min (AC 135°C for 120 min). The HS-AFM images are partially cropped (frame rates, 0.1 frames per second; pixel sizes, 400 × 400; scale 
bars, 200 nm; Z scale 15 nm) (a–d). The number of Aβ42 aggregates in each four group (non-aggregated Aβ42 without Aβ42 aggregates, no 
treatment, AC 120°C for 30 min, and AC 135°C for 120 min) is counted every 100 s (e). The elongation speed of Aβ42 aggregates in each 
four group (non-aggregated Aβ42 without Aβ42 aggregates, no treatment, AC 120°C for 30 min, and AC 135°C for 120 min) is shown in the 
box-and-whisker plot (f). Boxes extend from the 25th to the 75th percentile values (f). The line in the box represents the median values. The 
whiskers are drawn from the minimum to the 25th percentile value and from the 75th percentile value to the maximum. Asterisks indicate 
statistical significance between the two groups indicated by brackets (*p < 0.05, **p < 0.01, ***p < 0.001) (n = number of Aβ42 aggregates) 
(Brunner–Munzel test)

F I G U R E  4  Thioflavin T (ThT) fluorescence of amyloid beta-protein (Aβ) aggregates after different treatments. We show four different 
samples of Aβ1-40 (Aβ40) aggregates (a) and Aβ1-42 (Aβ42) aggregates (b) as follows: (a) 10 mM phosphate buffer, untreated Aβ40 
aggregates (Aβ40-no treatment), autoclaved Aβ40 aggregates treated at 120°C for 5 min (Aβ40-AC 120°C for 5 min), and Aβ40 aggregates 
with γ-ray irradiation at 50 kGy (Aβ40-γ-ray 50 kGy); (b), 10 mM phosphate buffer, untreated Aβ42 aggregates (Aβ42-no treatment), 
autoclaved Aβ42 aggregates treated at 135°C for 120 min (Aβ42-AC 135°C for 120 min), and Aβ42 aggregates with γ-ray irradiation at 
50 kGy (Aβ42-γ-ray 50 kGy). Four datasets of the ThT fluorescence in each sample are plotted in bar graphs indicating mean values of the 
ThT fluorescence, while the error bars indicate standard deviations (a and b). Asterisks indicate statistical significance of the difference 
between the two groups (*p < 0.05, **p < 0.01, ***p < 0.001) (one-way factorial ANOVA with Tukey post hoc comparisons)
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SD50 among non-aggregated Aβ40 without Aβ40 aggregates and 
Aβ40 assemblies containing non-aggregated Aβ40 and autoclaved 
Aβ40 aggregates treated at 115°C for 5 min (p = 0.51), 120°C for 
5 min (p = 0.15), 105°C for 30 min (p = 0.44), and 105°C for 60 min 
(p > 0.99) (one-way ANOVA with Dunnett’s post hoc comparisons, 
f = 108.7 and 50.7) (Figure 1i, j).

The temporal changes in the ThT fluorescence of six different 
types of Aβ42 assemblies containing non-aggregated Aβ42 and un-
treated or autoclaved Aβ42 aggregates are shown in Figure 1c, d. 
AC conditions for Aβ42 aggregates were same as those for Aβ40 

aggregates as follows: temperatures: 105, 110, 115, and 120°C; ex-
posure times: 5, 15, 30, and 60  min. The ThT fluorescence of the 
Aβ42 assembly containing non-aggregated Aβ42 without Aβ42 ag-
gregates showed a sigmoidal curve, characterized by an elongation 
time of 0–4 h, followed by a plateau state of the maximum fluores-
cence intensity after 4–12 h (Figure 1c, d). Incubation of the Aβ42 
assembly containing non-aggregated Aβ42 and Aβ42 aggregates 
without AC (Aβ42-no treatment) showed a hyperbolic increase in 
ThT fluorescence, characterized by reaching the maximum fluores-
cence intensity after 30 min, followed by a continuous plateau state 

F I G U R E  5  Circular dichroism (CD) spectral patterns of non-aggregated amyloid beta-protein (Aβ) and Aβ aggregates treated with 
autoclaving (AC) or γ-ray irradiation. We show six different types of CD spectral curves in Aβ1-40 (Aβ40) assemblies (a, b, and e) and Aβ1-
42 (Aβ42) assemblies (c, d, and f) as follows: (a) 1. Aβ40 aggregates without AC (Aβ40-no treatment); 2–5. Autoclaved Aβ40 aggregates 
treated at 105°C for 5 min (Aβ40-AC 105°C for 5 min), 110°C for 5 min (Aβ40-AC 110°C for 5 min), 115°C for 5 min (Aβ40-AC 115°C for 
5 min), and 120°C for 5 min (Aβ40-AC 120°C for 5 min); and 6. Non-aggregated Aβ40 without Aβ40 aggregates; (b), 1. Aβ40-no treatment; 
2–5. Autoclaved Aβ40 aggregates treated at 105°C for 5 min (Aβ40-AC 105°C for 5 min), 105°C for 15 min (Aβ40-AC 105°C for 15 min), 
105°C for 30 min (Aβ40-AC 105°C for 30 min), and 105°C for 60 min (Aβ40-AC 105°C for 60 min); and 6. Non-aggregated Aβ40 without 
Aβ40 aggregates; (c) 1. Aβ42 aggregates without AC (Aβ42-no treatment); 2–5. Autoclaved Aβ42 aggregates treated at 120°C for 30 min 
(Aβ42-AC 120°C for 30 min), 125°C for 30 min (Aβ42-AC 125°C for 30 min), 130°C for 30 min (Aβ42-AC 130°C for 30 min), and 135°C for 
30 min (Aβ42-AC 135°C for 30 min); and 6. Non-aggregated Aβ42 without Aβ42 aggregates; (d) 1. Aβ42-no treatment; 2–5. Autoclaved 
Aβ42 aggregates treated at 135°C for 30 min (Aβ42-AC 135°C for 30 min), 135°C for 60 min (Aβ42-AC 135°C for 60 min), 135°C for 90 min 
(Aβ42-AC 135°C for 90 min), and 135°C for 120 min (Aβ42-AC 135°C for 120 min); and 6. Non-aggregated Aβ42 without Aβ42 aggregates; 
(e) 1. Aβ40-no treatment; 2, 3. Aβ40 aggregates with γ-ray irradiation at 25 kGy (Aβ40-γ-ray 25 kGy) and 50 kGy (Aβ40-γ-ray 50 kGy); and 
4. Non-aggregated Aβ40 without Aβ40 aggregates; (f) 1. Aβ42-no treatment; 2, 3. Aβ42 aggregates with γ-ray irradiation at 25 kGy (Aβ42-
γ-ray 25 kGy) and 50 kGy (Aβ42-γ-ray 50 kGy); and 4. Non-aggregated Aβ42 without Aβ42 aggregates. Average values of ten CD spectra 
measurements in each Aβ aggregate are plotted (a–f)
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after 0.5–12  h (Figure 1c, d). Incubation of non-aggregated Aβ42 
with autoclaved Aβ42 aggregates also demonstrated a hyperbolic 
increase in the ThT fluorescence (Figure 1c, d), and there were signif-
icant differences in SD50 among non-aggregated Aβ42 without Aβ42 
aggregates and Aβ42-no treatment, and Aβ42 assemblies containing 
non-aggregated Aβ42 and autoclaved Aβ42 aggregates treated at 
105°C, 110°C, 115°C, and 120°C for 5 min, and 105°C for 15 min, 
30 min, and 60 min (one-way ANOVA with Dunnett’s post hoc com-
parisons, p < 0.001, f = 276.2 and 276) (Figure 1k, l).

The treatments for Aβ42 aggregates under other AC conditions 
were examined because the Aβ42 aggregates were not significantly 
inactivated after AC under the same conditions as Aβ40 aggregates 
(Figure 1i–l). To examine the seeding activities of the autoclaved Aβ42 
aggregates treated at high temperatures or long exposure times, the 
temporal changes in the ThT fluorescence of six different types of 
Aβ42 assemblies containing non-aggregated Aβ42 and untreated or 
autoclaved Aβ42 aggregates are shown in Figure 1e, f. AC condi-
tions for Aβ42 aggregates were changed as follows: temperatures: 
120 125, 130, and 135°C; exposure times: 30, 60, 90, and 120 min. 
The increase in the ThT fluorescence of the Aβ42 assemblies con-
taining non-aggregated Aβ42 and autoclaved Aβ42 aggregates was 
slower than that in the mixed samples of Aβ42-no treatment. There 
were significant differences in SD50 among non-aggregated Aβ42 

without Aβ42 aggregates and Aβ42-no treatment (p < 0.001), and 
Aβ42 assemblies containing non-aggregated Aβ42 and autoclaved 
Aβ42 aggregates treated at 120°C for 30  min (p  <  0.001), 125°C 
for 30  min (p  <  0.001), 130°C for 30  min (p  <  0.001), 135°C for 
30 min (p = 0.0051), and 135°C for 60 min (p = 0.0039) (one-way 
ANOVA with Dunnett’s post hoc comparisons, f = 173.2, and 104.4) 
(Figure 1m, n). There were no significant differences in SD50 among 
non-aggregated Aβ42 without Aβ42 aggregates and Aβ42 assem-
blies containing non-aggregated Aβ42 and autoclaved Aβ42 aggre-
gates treated at 135°C for 90 min (p = 0.09), and 135°C for 120 min 
(p = 0.87) (one-way ANOVA with Dunnett’s post hoc comparisons, 
f = 104.4) (Figure 1n).

The temporal changes in the ThT fluorescence of Aβ assemblies 
containing non-aggregated Aβ and Aβ aggregates with γ-ray irradi-
ation (25 or 50 kGy) are shown in Figure 1g (Aβ40) and 1h (Aβ42). 
Incubation of the Aβ assemblies containing non-aggregated Aβ and 
Aβ aggregates with γ-ray irradiation (25 or 50 kGy) showed hyper-
bolic increases in the ThT fluorescence (Figure 1g, h), and there were 
significant differences in SD50 among non-aggregated Aβ without 
Aβ aggregates and Aβ assemblies containing non-aggregated Aβ and 
Aβ aggregates with γ-ray irradiation (25 or 50  kGy) in both Aβ40 
and Aβ42 (one-way ANOVA with Dunnett’s post hoc comparisons, 
p < 0.001, f = 46.7 and 260.4) (Figure 1o, p). The mean value of the 

F I G U R E  6  Electron microscopy (EM) images of untreated and autoclaved amyloid beta-protein (Aβ) aggregates with fibril-like structures. 
We show untreated and autoclaved Aβ aggregates with fibril-like structures in Aβ1-40 (Aβ40) and Aβ1-42 (Aβ42) as follows: (a) Aβ40 
aggregates with fibril-like structures without autoclaving (AC) (untreated Aβ40 aggregates); (b) Autoclaved Aβ40 aggregates with fibril-like 
structures treated at 120°C for 5 min (Aβ40-AC 120°C for 5 min); (c) Aβ42 aggregates with fibril-like structures without AC (untreated 
Aβ42 aggregates); (d) Autoclaved Aβ42 aggregates with fibril-like structures treated at 135°C for 120 min (Aβ42-AC 135°C for 120 min). 
The magnification of EM images is 30 000× (a–d) (Scale bars, 100 nm). The results of the width and length of Aβ aggregates with fibril-like 
structures in EM images are shown in (e) and (f) (n = 30). All datasets of the width and length of Aβ aggregates with fibril-like structures 
are plotted in the bar graphs showing the mean values of each measurement, while the error bars indicate standard deviations. Asterisks 
indicate statistical significances between the two groups indicated by brackets (*p < 0.05, **p < 0.01, ***p < 0.001) (n = number of Aβ 
aggregates with fibril-like structures)
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ThT fluorescence of the sample buffers was 20.6 ± 3.6 FU (mean 
value ± SD) using 5 µM ThT solutions.

Another ThT assay was performed using Aβ aggregates auto-
claved at different concentrations of Aβ aggregates (Figure 2a, 
b). The temporal changes in the ThT fluorescence of six differ-
ent types of Aβ assemblies containing non-aggregated Aβ and 
untreated or autoclaved Aβ aggregates are shown in Figure 2a 
(Aβ40) and 2b (Aβ42). Concentrations for Aβ aggregates during 
AC were changed as follows: 0.25, 2.5, 25, and 250  µM. The 
concentrations of Aβ aggregates, which were added to non-
aggregated Aβ, were same in all Aβ assemblies in both Aβ40 and 
Aβ42. The ThT fluorescence of non-aggregated Aβ without Aβ ag-
gregates demonstrated sigmoidal curves in both Aβ40 and Aβ42 
(Figure 2a, b). Incubation of the mixed samples of Aβ40-no treat-
ment and Aβ42-no treatment resulted in hyperbolic increases in 
ThT fluorescence (Figure 2a, b). The increase in ThT fluorescence 
of Aβ assemblies containing non-aggregated Aβ and autoclaved 
Aβ aggregates was slower depending on lower concentrations 
of Aβ aggregates after treatment with AC (Figure 2a, b). There 
were significant differences in SD50 between Aβ40-no treat-
ment and non-aggregated Aβ40 without Aβ40 aggregates (one-
way ANOVA with Tukey post hoc comparisons, p = 0.03, f = 3.8) 
(Figure 2c). However, there were no significant differences in 
SD50 among Aβ40-no treatment and Aβ40 assemblies containing 
non-aggregated Aβ40 and autoclaved Aβ40 aggregates treated at 
a concentration of 250 µM (p > 0.99), 25 µM (p > 0.99), 2.5 µM 
(p > 0.99), and 0.25 µM (p = 0.54) (one-way ANOVA with Tukey 
post hoc comparisons, f  =  3.8) (Figure 2c). In Aβ42, there were 
significant differences in SD50 among Aβ42-no treatment and 
Aβ42 assemblies containing non-aggregated Aβ42 and autoclaved 
Aβ42 aggregates treated at a concentration of 0.25 µM and non-
aggregated Aβ42 without Aβ42 aggregates (one-way ANOVA 
with Tukey post hoc comparisons, p < 0.001, f = 44.4). There was 
no significant differences in SD50 among Aβ42-no treatment and 
Aβ42 assemblies containing non-aggregated Aβ42 and autoclaved 
Aβ42 aggregates treated at a concentration of 250 µM (p = 0.99), 
25 µM (p = 0.57), and 2.5 µM (p = 0.53) (one-way ANOVA with 
Tukey post hoc comparisons, f = 44.4) (Figure 2d). The mean value 
of the ThT fluorescence of the sample buffers was 43.2 ± 4.8 FU 
(mean value ± SD) using 10 µM ThT solutions.

3.2  |  Observation of the elongation of Aβ42 
aggregates using HS-AFM

Four different groups of HS-AFM images are shown in Figure 3 as 
follows: Aβ42 with filtration incubated without Aβ42 aggregates 
(non-aggregated Aβ42 without Aβ42 aggregates) (Figure 3a); Aβ42 
with filtration incubated with untreated Aβ42 aggregates (no treat-
ment) (Figure 3b);Aβ42 with filtration incubated with autoclaved 
Aβ42 aggregates treated at 120°C for 30 min (AC 120°C for 30 min) 
(Figure 3c); Aβ42 with filtration incubated with autoclaved Aβ42 
aggregates treated at 135°C for 120  min (AC 135°C for 120  min) 

(Figure 3d). When non-aggregated Aβ42 without Aβ42 aggregates 
was incubated in the sample chamber of HS-AFM, no Aβ42 aggre-
gates was observed from 0 to 690  s (Figure 3a). A small number 
of Aβ42 aggregates appeared 700  s after incubation was started, 
and they subsequently increased in numbers with rapid elongation 
(Figure 3a). The images of mixed samples of no treatment showed a 
significant amount of Aβ42 aggregates immediately after the incu-
bation was started (Figure 3b). A significant amount of Aβ42 aggre-
gates in the mixed samples of no treatment showed rapid elongation 
(Figure 3b). On the other hand, only few Aβ42 aggregates appeared 
in the mixed samples of AC 120°C for 30  min and AC 135°C for 
120 min (Figure 3c, d). Aβ42 aggregates in the mixed samples of AC 
120°C for 30 min and AC 135°C for 120 min showed little elongation 
from the Aβ42 aggregates (Figure 3c, d).

The cumulative number of Aβ42 aggregates in the mixed sam-
ples of no treatment increased and reached the maximum num-
ber of Aβ aggregates at 1100 s, followed by a plateau state until 
1800 s (n = 280, n: the number of Aβ42 aggregates) (Figure 3e). 
The cumulative number of Aβ42 aggregates in the mixed samples 
at AC 120°C for 30  min demonstrated a sigmoidal curve, char-
acterized by a lag-time (0–400 s) followed by an elongation time 
(400–1000  s). The sigmoidal curve reached a plateau with the 
maximum number of Aβ aggregates obtained after 1000  s (n = 
300) (Figure 3e). The cumulative number of Aβ42 aggregates in the 
mixed samples of AC 135°C for 120 min and non-aggregated Aβ42 
without Aβ42 aggregates gradually increased (Figure 3e). The 
numbers of Aβ aggregates at 1800 s in the mixed samples of AC 
135°C for 120 min and non-aggregated Aβ42 without Aβ42 aggre-
gates were 141 (AC 135°C for 120 min) and 154 (non-aggregated 
Aβ42 without Aβ42 aggregates) (Figure 3e). The elongation speed 
of Aβ42 aggregates in the mixed samples of no treatment was 
significantly faster than that in the mixed samples of AC 120°C 
for 30 min, 135°C for 120 min, and non-aggregated Aβ42 without 
Aβ42 aggregates (Brunner–Munzel tests, p  <  0.001, df  >  402.7) 
(Figure 3f). The elongation speed of Aβ42 aggregates in the mixed 
samples of AC 120°C for 30 min was significantly faster than that 
in the mixed samples of AC 135°C for 120 min (Brunner–Munzel 
tests, p < 0.001, df = 350.9) (Figure 3f). The elongation speed of 
Aβ42 aggregates in the mixed samples of AC 120°C for 30 min and 
AC 135°C for 120  min was significantly slower than that in the 
mixed samples of non-aggregated Aβ42 without Aβ42 aggregates 
(Brunner–Munzel tests, p < 0.001, df > 283.8) (Figure 3f).

3.3  |  ThT fluorescence of Aβ aggregates after 
treatment with AC or γ-ray irradiation

The ThT fluorescence of four different samples is shown in Figure 4a 
(Aβ40) and 4b (Aβ42) as follows: Figure 4a, 10 mM phosphate buffer, 
untreated Aβ40 aggregates (Aβ40-no treatment), autoclaved Aβ40 
aggregates treated at 120°C for 5 min (Aβ40-AC 120°C for 5 min), 
and Aβ40 aggregates with γ-ray irradiation at 50  kGy (Aβ40-γ-
ray 50 kGy); Figure 4b, 10 mM phosphate buffer, untreated Aβ42 
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aggregates (Aβ42-no treatment), autoclaved Aβ42 aggregates 
treated at 135°C for 120  min (Aβ42-AC 135°C for 120  min), and 
Aβ42 aggregates with γ-ray irradiation at 50  kGy (Aβ42-γ-ray 
50 kGy). The ThT fluorescence of 10 mM phosphate buffer showed 
only a slight increase (Figure 4a), whereas those of the mixed sam-
ples of Aβ40-no treatment, Aβ40-AC 120°C for 5 min and Aβ40-
γ-ray 50 kGy showed significant increases compared to that of the 
10  mM phosphate buffer (one-way ANOVA with Tukey post hoc 
comparisons, p < 0.001, f = 9668) (Figure 4a). The ThT fluorescence 
of the mixed samples of Aβ40-AC at 120°C for 5 min was signifi-
cantly reduced compared to that of the mixed samples of Aβ40-no 
treatment and Aβ40-γ-ray 50  kGy (one-way ANOVA with Tukey 
post hoc comparisons, p < 0.001, f = 9668) (Figure 4a). There was no 
significant difference in ThT fluorescence between Aβ40-no treat-
ment and Aβ40-γ-ray at 50 kGy (one-way ANOVA with Tukey post 
hoc comparisons, p = 0.11, f = 9668) (Figure 4a). Similar results were 
obtained for the Aβ42 aggregates (Figure 4b). The mean value of the 
ThT fluorescence of the sample buffers was 21.0 ± 2.3 FU (mean 
value ± SD) using 5 µM ThT solutions.

3.4  |  Spectral patterns of Aβ aggregates in CD 
spectroscopy

Both non-aggregated Aβ40 and non-aggregated Aβ42 displayed 
spectral patterns consistent with those of random coil structures 
(Figure 5a–f). In contrast, both untreated Aβ40 aggregates and un-
treated Aβ42 aggregates demonstrated spectral patterns consistent 
with those of β-sheet-rich structures (Figure 5a–f). Spectral patterns 
of autoclaved Aβ40 aggregates indicated an increase in random coil 
structures with a reduction in β-sheet-rich structures (Figure 5a, 
b). Higher temperatures or longer exposure times of AC resulted in 
a higher ratio of random coil structures in autoclaved Aβ40 aggre-
gates (Figure 5a, b). Autoclaved Aβ42 aggregates showed spectral 
patterns with small and convex-shaped spectral curves centered at 
190–200 nm, and small and concave-shaped spectral curves centered 
at 200–220 nm. These spectral patterns indicate an increase in ran-
dom coil structures with a reduction in β-sheet-rich structures in au-
toclaved Aβ42 aggregates (Figure c, d). The reduction in the amplitude 
of the convex-shaped spectral curves of autoclaved Aβ42 aggregates 
depended on higher temperatures and longer exposure times of AC. 
The increase in the amplitude of the concave-shaped spectral curves 
of autoclaved Aβ42 aggregates also depended on higher temperatures 
and longer exposure times of AC (Figure 5c, d). Spectral patterns of Aβ 
aggregates with γ-ray irradiation were similar to those of untreated Aβ 
aggregates in both Aβ40 and Aβ42 (Figure 5e, f).

3.5  |  EM images of Aβ aggregates with fibril-
like structures

Untreated Aβ aggregates with fibril-like structures demon-
strated non-branched structures, and the width of untreated 

Aβ aggregates with fibril-like structures (mean value  ±  SD) was 
8.9 ± 1.3 nm (n = 30, n: the number of Aβ aggregates with fibril-like 
structures) (Aβ40) and 10.6 ± 1.6 nm (n = 30) (Aβ42) (Figure 6a, 
c, and e), which were similar to that of Aβ aggregates with fibril-
like structures seen in previous reports (Ono et al., 2003, 2012). 
Autoclaved Aβ aggregates with fibril-like structures also showed 
non-branched structures, and the width of autoclaved Aβ aggre-
gates with fibril-like structures (mean value ± SD) was 8.8 ± 1.9 nm 
(n = 30) (Aβ40) and 10.0 ± 1.5 nm (n = 30) (Aβ42) (Figure 6b, d, and 
e). There were no significant differences in the width of Aβ aggre-
gates with fibril-like structures between untreated and autoclaved 
Aβ aggregates in either Aβ40 (p = 0.75, t = 0.32, df = 58) and Aβ42 
(p = 0.14, t = 1.5, df = 58) (t-test) (Figure 6e). The length of un-
treated Aβ aggregates with fibril-like structures (mean value ± SD) 
was 0.55  ±  0.62  µm (n  =  30) (Aβ40) and 2.1  ±  1.2  µm (n  =  30) 
(Aβ42) (Figure 6f), and the length of autoclaved Aβ aggregates 
with fibril-like structures (mean value ± SD) was 0.28 ± 0.28 µm 
(n  =  30) (Aβ40) and 0.43  ±  0.55  µm (n  =  30) (Aβ42) (Figure 6f). 
Significant differences in the length of Aβ aggregates with fibril-
like structures between untreated and autoclaved Aβ aggregates 
were seen in both Aβ40 (p = 0.004) and Aβ42 (p < 0.001) (Mann-
Whitney U test) (Figure 6f).

4  |  DISCUSSION

In this study, the seeding studies using ThT assays and HS-AFM re-
vealed that the seeding effects of Aβ aggregates were inactivated 
with AC but not with γ-ray irradiation. In addition, the seeding ac-
tivities of Aβ aggregates decreased with higher temperatures, longer 
exposure times, and lower concentrations of Aβ aggregates during 
treatment with AC. According to the ThT assay results, the AC con-
ditions for inactivating both Aβ40 and Aβ42 aggregates require a 
temperature of 135°C or higher and an exposure time of 90 min or 
longer. Based on the HS-AFM observations, the rapid increase of the 
cumulative number of Aβ42 aggregates in the mixed samples of AC 
120°C for 30 min after the lag-time may indicate that AC at 120°C 
for 30  min could not inhibit secondary nucleation of Aβ42 aggre-
gates (Cohen et al., 2013; Linse, 2019; Scheidt et al., 2019; Törnquist 
et al., 2018). The low concentrations of Aβ42 after the polymeriza-
tion of the Aβ42 aggregates in the mixed samples of non-aggregated 
Aβ42 without Aβ42 aggregates may be a cause of its slower elon-
gation compared to that of Aβ42 aggregates in the mixed samples 
of no treatment. Regarding structural changes in post-treatment Aβ 
aggregates, ThT assays, CD spectroscopy, and EM imaging indicated 
that AC in conditions of higher temperatures and longer exposure 
times caused significantly reduced β-sheet-rich structures in Aβ ag-
gregates, and longer Aβ aggregates.

The deposition of misfolded proteins in the brain is a common 
feature of many neurodegenerative diseases that play important 
roles in their pathogenesis (Kushwah et al., 2020; Thomzig et al., 
2014). Accumulation of Aβ pathology in the brain is the main patho-
logical feature of AD (Tiwari et al., 2019; Watts et al., 2018). The 
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molecular mechanisms of Aβ aggregation have been explained by 
nucleation-dependent polymerization models, which are character-
ized by an initial slow nucleation (a lag-time) followed by elongation 
time (Friesen et al., 2019). Previous studies reported that incubation 
of non-aggregated Aβ and untreated Aβ aggregates developed hy-
perbolic Aβ aggregations, which were described as an acceleration of 
the polymerization process with short lag-time in the seeding assays 
(Harper et al., 1997; Jarrett et al., 1992, 1993; Ono et al., 2012). The 
ThT assays and HS-AFM results indicate that AC could inactivate the 
seeding activities of Aβ aggregates, suggesting that the transmission 
of Aβ pathology among individuals could be prevented by AC.

The EM images in this study showed that the length of auto-
claved Aβ aggregates with fibril-like structures was shorter than that 
of the untreated ones. The results indicate that AC induces frag-
mentation of Aβ aggregates. Fragmentation of Aβ aggregates using 
ultrasonic disruptors and stirring bars has been reported to increase 
the seeding activity of Aβ aggregates in vitro and in vivo (Falsig et al., 
2008; Friesen et al., 2019; Jarrett et al., 1993; Knowles et al., 2009; 
Xue et al., 2009). A previous report showed that Aβ aggregates 
fragmented with an ultrasonicator demonstrated an increase in β-
sheet structures that interacted with other Aβ aggregates (Harris., 
2012). In contrast, the fragmented Aβ aggregates after AC showed 
a reduction in the β-sheet-rich structures and seeding activity of Aβ 
aggregates. Based on these results, we speculate that decreasing 
β-sheet-rich structures could inactivate the seeding activity of Aβ 
aggregates.

AC of chemical substances, including proteins, disturbs hydro-
gen bonding and non-polar hydrophobic interactions in chemical 
compounds, which are responsible for secondary and tertiary struc-
tures (David et al., 2013). Increasing the vulnerability of the steric 
structures through heat denaturation would lead to conformational 
changes, causing original function loss of the chemical substance 
(David et al., 2013; Donald et al., 2016). Heat denaturation occurs 
during AC of Aβ aggregates that led to conformational changes, par-
ticularly the reduction of β-sheet-rich structures in Aβ aggregates. 
Therefore, structural changes in Aβ aggregates would lead to inac-
tivation of their seeding activity in this study. In contrast, γ-ray ir-
radiation did not alter Aβ seeding activity in ThT assays. A previous 
study reported that the main molecular mechanisms of sterilization 
using γ-ray irradiation were cell death induced by severe DNA dam-
age in cell nuclei (Zhang et al., 2012), indicating the inability of γ-ray 
irradiation to change the seeding activity of Aβ aggregates because 
of their lack of nucleic acids.

In this study, the seeding activity of the Aβ40 aggregates was 
more easily inactivated than that of Aβ42 aggregates when Aβ40 
and Aβ42 aggregates were treated under the same AC conditions 
(temperatures: 105, 110, 115, and 120°C, exposure times: 5, 15, 30, 
and 60 min) (Figure 1a–d, i–l). The higher temperatures and longer 
exposure times under AC were required to inactivate the seeding 
activity of Aβ42 aggregates (Figure 1e, f, m and n). These results indi-
cate that there are different features in the seeding activity between 
Aβ40 and Aβ42 aggregates. It is known that Aβ42 is highly neuro-
toxic and aggregates more easily than Aβ40, and Aβ42 aggregates 

show higher seeding activity than Aβ40 aggregates (Chen et al., 
2017; Fawzi et al., 2011; Morimoto et al., 2004; Ono et al., 2012; 
Srivastava et al., 2019; Tiwari et al., 2019; Zhang et al., 2012). These 
findings could be related to the AC conditions needed to inacti-
vate the seeding effect of Aβ42 aggregates in the present study. 
Although the precise mechanisms underlying the higher seeding ac-
tivity of Aβ42 aggregates compared to that of Aβ40 aggregates have 
yet to be elucidated, the AC-resistant characteristics of Aβ42 aggre-
gates are speculated to be important in understanding the molecular 
mechanisms of Aβ aggregation.

Previous studies have demonstrated that Aβ aggregation is influ-
enced by other compounds or different reaction buffer conditions 
(Korshavn et al., 2017; Schützmann et al., 2021; Sciacca et al., 2020). 
Dilauroyl phosphatidylcholine, a chemical used for cell membrane 
models, generates protofibrils and oligomers that lead to cytotox-
icity (Korshavn et al., 2017; Sciacca et al., 2020). The interaction 
between Aβ oligomers and ganglioside-containing cell membranes 
accelerated the formation of neurotoxic Aβ aggregates (Kotler 
et al., 2014). Cross-seeding reactions between Aβ aggregates and 
other proteins developed heterogeneous aggregates with unique β-
sheet-rich structures compared to those produced in homogenous 
cross-seeding reactions (Ivanova et al., 2021). Moreover, the pres-
ence of metal ions in the reaction buffers accelerates Aβ aggrega-
tion (DeToma et al., 2012). Different pH levels in the reaction buffers 
alter the polymerization of Aβ aggregates (Schützmann et al., 2021). 
Based on these reports, we speculate that AC conditions for inacti-
vating Aβ seeding activity would change in the presence of different 
reaction buffer components or conditions.

Several reports have shown that misfolded proteins deposited 
in the brains of patients with neurodegenerative diseases, includ-
ing Aβ in patients with AD, α-synuclein in PD and DLB, and PrP in 
prion diseases, have the potential to propagate among individuals 
under animal experiments (Burwinkel et al., 2018; Hamaguchi et al., 
2012; Jucker et al., 2018; Langer et al., 2011; Meyer-Luehmann et al., 
2006; Watts et al., 2011). Inactivation methods for PrP, such as so-
dium hypochlorite, NaOH, alkaline detergent, phenol, SDS, guani-
dine hydrochloride, trichloroacetic acid, formic acid, and hydrogen 
peroxide gas plasma, have been established using animal experi-
ments (Murphy et al., 2009; Sakudo., 2020). Previous reports have 
also demonstrated that AC is effective in inactivating PrP (Fichet 
et al., 2004, 2007). A World Health Organization report (1999) on 
infection control guidelines for prion diseases recommend AC com-
bined with chemical detergent for decontaminating PrP on medical 
devices (World Health Organization Report., 1999). In addition, a 
recent study reported that the seeding activity of α-synuclein was 
also inactivated by AC in animal experiments (Tarutani et al., 2018). 
However, no report exists in the examination of AC conditions for 
the inactivation of Aβ aggregates in vitro or in vivo.

Several decontamination methods for preventing the propa-
gation of Aβ pathophysiologies, such as formic acid sterilization, 
formaldehyde fixation, boiling, and hydrogen peroxide gas plasma 
sterilization, have been previously examined (Eisele et al., 2009; 
Fritschi et al., 2014; Meyer-Luehmann et al., 2006). Boiling and 
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formaldehyde fixation have been reported to have no potential in 
the inactivation of the seeding effect of Aβ aggregates, and the inac-
tivation treatments for brain extracts from APP23 transgenic mice 
with 70% formic acid for 1 h or hydrogen peroxide gas plasma ster-
ilization using a STERRAD 100 S developed complete blocks of Aβ 
deposition in the brain (Eisele et al., 2009; Meyer-Luehmann et al., 
2006). The precise mechanisms of hydrogen peroxide gas plasma 
and formic acid for inactivating Aβ pathology have not been eluci-
dated. However, several reports demonstrated that these methods 
caused structural changes in the proteins, showing an increase in α-
helices with a decrease in β-turn structures (Christensen et al., 2020; 
Sakudo et al., 2013). Gas plasma and formic acid sterilization have 
also been reported to destabilize hydrogen bonds and hydrophobic 
residue interactions (Christensen et al., 2020; Sakudo et al., 2013). 
A study using a fourier transform infrared spectrometer demon-
strated that heating between 35 and 85°C did not result in second-
ary structural changes (Sakudo et al., 2013). These reports indicate 
that conformational changes in Aβ aggregates are related to seed-
ing activity inactivation, and these findings are similar to the struc-
tural changes observed in autoclaved Aβ aggregates in the present 
study. AC would develop structural changes in PrP and α-synuclein 
aggregates, thereby inactivating their seeding activities. However, 
no studies have examined the structural and functional features of 
PrP and α-synuclein after AC in vitro. Structural changes would be 
related to reduce the seeding activity of misfolded proteins.

There are several limitations in this study. First, the Aβ aggre-
gation process was not examined in biological situations using 
cultured cells and animal models. Moreover, continuous observa-
tions of the elongation of Aβ42 aggregates using HS-AFM were 
monitored on silicon-containing mica, which does not exist in bio-
logical systems. To establish effective methods in preventing the 
propagation of Aβ pathology among individuals, it is important to 
confirm the interaction of Aβ aggregates with biological materi-
als. Second, in vitro experiments were performed under a single 
reaction buffer condition. The ThT assays, CD spectroscopy, and 
EM experiments used mixed buffers containing Aβ aggregates and 
10 mM phosphate buffer with a pH level of 7.4. The elongation of 
Aβ42 aggregates using HS-AFM was monitored in mixed buffers 
containing 10 mM phosphate buffer and 100 mM NaCl. This con-
tributes to relatively restrictive results, and there is speculation 
that different conditions of the reaction buffers containing Aβ 
aggregates would show different AC conditions to inactivate the 
seeding activities of Aβ aggregates. Third, the seeding activities 
and structural features of Aβ aggregates were evaluated without 
other amyloid protein species. Previous reports demonstrated 
that amyloid proteins, including Aβ, α-synuclein, and PrP, showed 
similar conformational changes to β-sheet-rich structures in the 
polymerization process and pathological propagation among in-
dividuals. Although amyloid proteins have similar mechanisms in 
reducing seeding activities, the properties of each amyloid pro-
tein may have different features among amyloid proteins. Fourth, 
biomolecular investigations using nuclear magnetic resonance and 
cryo-electron micrography were not performed in this study.

In conclusion, AC decreases β-sheet-rich structures in Aβ aggre-
gates, thereby inactivating the Aβ seeding activity. Treatment with 
AC at 135°C for 90 min was required for the inactivation of Aβ40 and 
Aβ42 seeding activities in the present in vitro study. Conformational 
changes that reduce β-sheet-rich structures are important in under-
standing the underlying molecular mechanisms that inactivate the 
seeding activity of Aβ aggregates. Future studies may focus on the 
role of AC procedures in preventing the propagation of pathogenic 
Aβ aggregates among individuals. The effects of AC on the inacti-
vation of Aβ seeding activities also need to be further clarified with 
research.
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