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Abstract

The accumulation and deposition of amyloid can cause a variety of neurodegenerative diseases, including Alzheimer’s
and Parkinson'’s disease. The degradation or clearance of this accumulation is currently the most widely accepted
therapeutic strategy for intervention in these pathologies. Our study on amyloid-3 (AB) oligomers in vitro revealed
that high-frequency terahertz (THz) waves at a specific frequency of 34.88 THz could serve as a physical, efficient, non-
thermal denaturation technique to delay the fibrotic process by 80%, as monitored by a thioflavine T (ThT) binding
assay and Fourier transform infrared (FTIR) spectroscopy. Additionally, THz waves of this frequency have been shown
to have no side effects on normal cells, as confirmed by cell viability and mitochondrial membrane potential assays.
Furthermore, molecular dynamic (MD) simulations revealed that the THz waves could resonate with AB fibrils, disrupt-
ing the dense conformation by breaking the (3-sheet structure and promoting the formation of abundant coil and
bend structures. This study uses the amyloid of A as an example, and the results will further guide interventions for
the accumulation of other amyloids, which may provide new ideas for the remission of related diseases.

1 Introduction

Amyloid deposition is a hallmark of neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkin-
son’s disease (PD) and the most prominent amyloid pro-
teins include B-amyloid (Ap), tau and a-synuclein [1, 2].
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In vitro, the deposition process has been described as
a sigmoidal curve in which misfolded proteins assem-
ble into oligomers prior to fibril elongation and finally
reach a plateau [3]. This dynamic process is accompa-
nied by misfolded monomers with more a-helical struc-
ture forming abundant crosslinked [B-sheet structures,
resulting in neurotoxicity [4, 5]. Thus, targeting toxic
accumulation may represent a promising strategy to
slow or prevent disease initiation [6—8]. In this research,
we used amyloid B (AP) as an example to conduct the
research, which does not indicate that AP plays a deter-
mining role in AD development. Increasing research has
also begun to emphasize the significance of tau protein
[9-11] (Fig. 1). Fortunately, amyloid proteins have similar
dynamic aggregation processes [4]. Although many stud-
ies have been based on small molecules, there are still no
effective drugs that can inhibit or alleviate the deteriora-
tion of AD pathology [9, 12]. The present study intends
to regulate the conformations of pathological proteins by
optical techniques that intervene the dynamic process.
This research that based on AP may be further applied to
tau protein, which is of great significance for the develop-
ment of combination therapy.
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Fig. 1 Schematic of the main content of this study. a The presence of extracellular 3-amyloid deposition as neuritic plaques and the intracellular
accumulation of hyperphosphorylated tau as neuro fibrillary tangles remain the primary neuropathologic features for AD diagnosis, and the
amyloid deposition begins with the conversion of native monomers with more a-helices to an alternative conformation with 3-sheet that
self-associate into ordered assemblies. b A terahertz (THz) wave at a frequency of 34.88 THz delays the fibrosis dynamic curve. c The wave decreased
the aggregation speed to 80% of the case without the wave. d The wave promotes cell proliferation. e The wave loosens the dense protein
conformation with transformed 3-sheets to a structure with more coil and bend regions

In 2018, Liu [13] conjectured that the physical field
of biological neural signals might be a high-frequency
electromagnetic field ranging from terahertz (THz,
10'? Hz) to infrared, most likely from 0.5 to 100 THz
and named it a generalized terahertz electromagnetic
(THz EM) wave. Moreover, some physiological pro-
cesses have been proven to be regulated by THz fields,
such as the unwinding of DNA hairpins [14], the per-
meability of the voltage-gated calcium channel [15] and
the currents of voltage-gated K [16]. The mechanism
is that the THz wave resonates with the molecular pop-
ulation and modifies the hydrogen bonds (H-bonds)
formed therein. Moreover, it was reported that the
intermolecular H-bond network parallel to the fibril
axis is the key to guiding the development of amyloid

fibrils [17]. Inspired by these findings, it would be valu-
able in the prevention or mitigation of AD pathology
if resonant features could be exploited to modulate
the self-assembly process and prevent undesired pro-
tein aggregation. Indeed, Kawasaki et al. found that
a 1675 cm™! (50.25 THz) light could dissociate amy-
loid fibrils by a joint method of molecular dynamics
(MD) simulation and free electron laser experiment
[7]. However, a significant thermal effect occurred at
this frequency, because biological liquid has a strong
absorption in the range of 45-52.5 THz (Fig. 2b),
considerably weakening the regulatory efficiency in
the physiological environment. Therefore, there is an
urgent need to explore efficient nonthermal methods to
inhibit the AP aggregation process.
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Fig. 2 Fluorescence and spectroscopy experiments show 34.88 THz wave delays the aggregation of AR1-42 oligomers. a Schematic of the THz
optical path system on AB1-42 oligomers. b The absorption spectra of DMSO, H,0, DMSO +AB and A powder in the range from 900 to

2000 cm ™. ¢ Transmission spectra of mouse skull and phosphate buffer solution (PBS). d Thioflavine T (ThT) fluorescent images in 48 h of AR1-42
fibrosis progression in cases without and with 34.88 THz-wave, respectively. e-f The fluorescence spectra (e) and the intensity (f) of ThT in 48 h.
g-h The changes in amide | in 96 h and the percentage composition of the 3-sheet stack (reflected by the ratio of the peak areas at 1625 cm™"

to those at 1692 cm™ ' and 1665 cm™") of AB1-42 oligomers in absence of the THz wave (g), and the fibrosis kinetic curves fitted through

the Boltzmann function (h). i The slope at 50% threshold value of the curves with and without THz waves. j The temperature shiftsin 1 h with

THz-wave irradiation that is monitored by the liquid probe

In this work, we use a quantum cascade laser (QCL)
with a center frequency of 34.88 THz (8.6 um) to irradi-
ate the AP1-42 oligomers, monitored the fibrosis pro-
cess by thioflavine T (ThT) binding assay and Fourier
transform infrared (FTIR) spectrometer and we found

that the fibrosis process was significantly slowed down
(Fig. 1b, ¢) compared to the group without an external-
field. Additionally, the safety of this frequency at the cell
level was also detected through cell viability (Fig. 1d)
and mitochondrial membrane potential assays. The cells
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proliferated significantly, and there was a slight increase
in mitochondrial membrane potential, which demon-
strated that THz waves may have a positive effect on cell
function. Moreover, the MD simulation result shows a
significant change in protein conformation from a regu-
larly ordered structure to a disordered structure (Fig. 1e),
specifically, with the transformation of -sheet structure
transformed to coil and bend regions. In summary, THz
waves may be a promising strategy to delay the amyloid
fibrillation process.

2 Results and discussion

The approach to assessing the oligomeric behavior of
AB1-42 by 34.88 THz EM wave is shown in Fig. 2a.
Through the beam expander the spot size was enlarged
to equal the same as the inner diameter of the silicone
gasket of the liquid cell. Here, we use DMSO to solvate
the oligomer. Figure 2b shows the spectra of H,0, DMSO
and DMSO+ AP and AP powder, revealing that DMSO
exhibits low absorption at a frequency of 34.88 THz
and wavenumber range of 1600-1700 cm™ ' (this range
was used to characterize the changes in protein sec-
ondary structure) compared to water. Moreover, from
the mixed spectrum of DMSO plus AP and AP powder,
we can see a slight absorption peak specifically for Af
(black arrow), which demonstrated the ability to achieve
a high-efficiency absorption for the protein. Figure 2c
shows the transmission spectra of the mouse skull and
phosphate buffer solution (PBS). A relatively high trans-
mittance was abserved at the band of 34.88 THz, indicat-
ing great potential for the experiment in an AD animal
model. Then, a standard ThT fluorescence binding assay
was employed to detect the process of aggregation [5].
The fluorescence images of the fibrotic process at 48 h
without and with the THz wave are shown in Fig. 2d.
In the control group, the fluorescence signal became
stronger than that in the THz group at 12 h, followed
by the formation of silk-like structures in the next 12 h,
which eventually grew into a thick plaque. In contrast,
the protein in the THz group still exhibited granulated
conditions, but the detailed structure was unclear, which
needs other techniques with higher resolution to detect
[18], such as electron microscopy. From the results of
Fig. 2e, f, we can see that the fluorescence intensity was
also lower than that of the control group. Although
THz waves have an impact on fluorescence, we noticed
that THz waves may enhance the fluorescence emission
[19, 20], rather than restrain the emission of fluores-
cence. Therefore, the observed decrease in fluorescence
intensity can be attributed to the fact that the THz wave
transformed the protein to another structure with less
B-sheet structure. The fibrotic process was also moni-
tored by means of Fourier transform infrared (FTIR),
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since the amide I band is sensitive to protein secondary
structure [21], so FTIR spectroscopy is usually used to
diagnose the process of protein misfolding and aggrega-
tion in vitro [22, 23]. The major difficulty with measuring
the FTIR spectra of proteins is the strong water bending
mode that overlaps the amide I vibration characteristics.
Some studies have used the D,O for the protein solu-
tion, where the O-D bending mode is shifted to a lower
frequency, but we found the low solubility when inject-
ing the AP1-42 powder into D,O, so the solvent was
replaced with DMSO. The spectrum of DMSO has been
mentioned above, and the weak peak there was easy to be
subtracted from the spectrum that mix with the AB 42
peptide. Figure 2g shows the absorption spectra (amide
I) of the progressive peptide that was collected in 96 h.
As previously reported [24], 1692 cm™! and 1695 cm™!
are attributed to the oligomers. The vibration absorp-
tion of a-helix occurs at 1665 cm™! which mainly exists
in monomers and the peak at 1625 cm™! or 1630 cm™!
is attributed to the B-sheet in fibrils. The area under the
corresponding absorption peak was calculated to esti-
mate the relative content of each secondary structure
[21]. Figure 2h shows that the percentage content of
B-sheet stacks (1625 cm™') exponentially accumulated
within 48 h, accompanied by a decrease in oligomers
(1692 cm™!) and monomers (1665 cm™'). After 48 h,
the progression of fibrosis gradually slows and eventu-
ally equilibrates with the monomer. Here, we fitted the
progress with the Boltzmann function and found that the
improvement rate slowed markedly after THz irradiation
in the early phase, especially in the first hour. The slope at
50% of the threshold value is shown in Fig. 2i. The aggre-
gation speed ratio decreased to approximately 80% when
the THz wave was loaded. In all of the tests based on the
AP oligomer, we saw that the THz wave at 34.88 THz
could significantly slow down the fibrotic progression.
There is no doubt that the thermal effect is a very
important factor should to be considered, whether the
proteins are thermally denatured or not during the pro-
cess. Thus, we measured the temperature change by
using various tools including liquid probes, solid con-
tact probes and forward-looking infrared (FLIR). When
the parameters of the QCL were set at a repetition rate
of 100 kHz with a 2 ms pulse width, the current was car-
ried out at 1050 mA with an 8% duty ratio, we observed
that the temperature shifted no more than 0.5 °C in 1 h
(Fig. 2j). Delport et al. reported that the average melt-
ing temperature for amyloid precursor protein is 55.9 °C
[25], so we concluded that no denaturation occured. To
determine whether the dissociation efficiency increases
with increasing temperature below the denaturation tem-
perature, we set up another experiment that placed the
oligomers in a 37 °C cell incubator for two hours and
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found that the increase in temperature did not inhibit
but promoted fibrosis (Additional file 1: Note 2), which is
consistent with the results from other published reports
[26]. Specifically, Kusumoto et al. demonstrated that
the elongation rate of AP fibrils varies over two orders
of magnitude within the temperature range of 4-40 °C
and obeys the Arrhenius law [26]. Actually, we have per-
formed much work on THz waves [27-30] and have a
deep understanding of the properties. There is a non-lin-
ear relationship between the power and the efficiency of
protein dissociation [31, 32]. For example, water permea-
tion across a water channel could be strongly and nonlin-
early modulated by the electric-component strength of a
1.39 THz-EM wave, but is weakly and linearly affected by
temperature. The phenomenon also exhibits a frequency-
dependent behavior.

To investigate whether THz waves have a protective
effect against oligomeric toxicity, and the effect of the
wave on the function of the cell itself, we designed some
experiments based at the cellular level. Figure 3a shows
the schematic of the scheme. There were four groups,
with and without oligomers and with and without THz
waves. In fact, during irradiation, we designed a special
petri dish with a CaF, bottom for a high transmittance of
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the field to the adherent cell, see Additional file 1: Note 3
for details. Figure 3b shows the time and frequency of the
radiation. Figure 3c, d shows the corresponding results.
It can be seen that the fluorescence intensity in the THz
group is also lower than that in the control group, which
is consistent with the result of oligomers. With regard to
cell viability, it was found that most of the cells floated
in the groups with oligomers-added, so the cell viabil-
ity could not be detected, but the cells grew well in the
control and THz-irradiation groups. Cells viability was
detected by a cell counting kit (CCK-8). We can see that
the absorption increased significantly (p<0.01) in the
THz-loaded group (Fig. 3e). Moreover, we used Hoechst
33342 dye to visualize the cell proliferation, it can be seen
that the number of the cells was greater than that in the
control group (Fig. 3g). Additionally, we also used mito-
chondrial membrane potential (MMP) as another index
to reflect the function of cells. The results are shown in
Fig. 3h. Although there was no significant difference
between the groups, the group exposed to THz waves
showed a slight increase. The detailed information was
shown in supporting information (Additional file 1: Note
3 and Figure S7). These results demonstrate that THz
waves are at least somewhat safe according to the cell
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Fig. 3 Cell experiments show that the 34.88 THz wave dissociates oligomers and promotes cell proliferation. a Schematic diagram of loading
oligomers and terahertz waves on cultured cells. b The time and frequency of the loading terahertz wave. c¢-d The fluorescence spectra (c) and
intensity (d) of ThT. e Cell viability before and after THz irradiation. f The temperature shift over 1 h with THz-wave irradiation that is monitored by
forward-looking infrared (FLIR). g The cells were stained with Hoechst 33342 to reflect cell proliferation. h The level of mitochondrial membrane

potential in the control and THz groups
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performance. Figure 3f shows the temperature change
during the radiation. Actually, the bioeffects of THz-wave
exposure have been reported in many studies. Zhao et al.
[33] demonstrated that a single-frequency THz laser
increases excitatory synaptic transmission and neuronal
firing activities when conducted on cultured mice corti-
cal neurons. Zhang et al. [34] reported that THz waves at
53.57 THz could activate brain neurons in vivo without
introducing any exogenous gene, and during an audi-
tory associative task, the mice that received THz waves
targeting the auditory cortex exhibited faster learning
speed than the control mice. Moreover, Abufadda et al.
[35] found that THz pulses could stimulate cell prolifera-
tion and both histogenesis and organogenesis, producing
a significantly higher number of regenerated segments
of earthworms. All of the above reports indicate positive
excitation by THz irradiation, so it can be considered that
THz waves may play a dual role in the neuronal activity
and instability of the AP fibril.
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It is complicated to explain the effect, because the
band at 34.88 THz is attributed to the vibration of C-O
(H) stretching in proteins [36] and the mechanism for
the delay unclear. Thus, we developed a system that
contains the AP1-42 oligomer and water with 0.15 M
NaCl, the cartoon diagram is shown in Fig. 4. Through
a long-time MD simulation and the trajectory of all
atoms in the system was analyzed by the interface of
do_dssp of GROMACS software, it was found that the
number of residues exhibiting each type of secondary
structure with and without the THz wave showed a sig-
nificant difference, especially in the coil, p-strand and
bend regions (Fig. 4c). Specifically, THz waves transform
the structure of B-sheets to more coil and bend content
and thus loosen the dense fibril structure. Moreover, we
also take a test on the fibril obtained from cryo-electron
microscopy (PDB: 50QV) and counted the percent-
age change in [B-strands, it also can be seen a signifi-
cant decrease in the structure. The detailed information
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Fig. 4 Terahertz waves loosen the fibril conformation by transforming the B-sheet structure to contain more coil and bend regions. a Schematic
of the AB1-42 simulation system in 0.15 M NaCl in water. b The THz spectrum of bulk water and AB1-42 fibrils in the range from 0 to 50 THz.
c Changes in the secondary structure of the protein irradiated by a 34.88 THz wave. d Changes in the secondary structure of the protein irradiated

by a 37.25 THz wave
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shown in Additional file 1: Note 4. According to the opti-
mal system and the trajectory file, the THz spectrum
of the system was calculated and is shown in Fig. 4b,
it can be seen that the AB1-42 fibril also has a strong
absorption at 34.88 THz while avoiding the water vibra-
tion peak, which demonstrated that the protein system
could resonate with this specific frequency and provide
the dissociation force. Moreover, we analyzed the low
absorption frequency of 37.25 THz, and the change of
the secondary structure shown in Fig. 4d, and we found
no significant difference between the groups with THz
weakly absorbed by protein. To strengthen this conclu-
sion, we conducted an experiment using a light frequency
that was weakly absorbed by the protein. The result still
shows that the light did not reduce the rate of fibrosis
(Additional file 1: Note 4 and Figure S9), which further
demonstrates that the effect of light on the fibril forma-
tion process shows a frequency-dependent character-
istic. In fact, numerous researchers use micromolecules
to destabilize the fibrils, which also means to intervene
the secondary structure. For example, Kanchi et al. [37]
concluded that proline could be considered a novel drug
to treat AD for the reason that it could break the -sheet
structure and in some cases even induce the formation of
3,0 helices. Zou et al. [38] reported that norepinephrine
molecules could considerably reduce the interpeptide
[-sheet content and suppress the formation of f-hairpin,
leading to a more disordered coil-abundant A dimer,
and thus could be considered as a therapeutic strategy
for AD. Most of the studies remain at the theoretical
stage and lack experimental verification. In this study,
we developed an effective method that is mainly based
on non-thermo-optical modulation, and also proved
its effectiveness in experiments. Thus, we conclude that
the THz wave at the specific band of 34.88 THz could
serve as a novel pattern to destabilize fibrils.

3 Conclusion

In this study, we developed a novel dissociation mode
with THz waves that delays the kinetic progression of
amyloid fibrils. The mechanism was not based on protein
degeneration but changed the conformation by trans-
forming the structure of P-sheets to a looser structure
with more coil and bend regions. The results were also
verified by ThT fluorescence and spectroscopy of the
protein secondary structure. Additionally, the results
indicated the safety of this frequency at the cellular level
through cell viability and MMP assays. Although we did
not observe an obvious protective effect on cell function
when surrounded by toxic oligomers, we still detected
a reduction in the fluorescence intensity of ThT, which
indicates a decrease in the content of the p-sheet struc-
ture. This discovery has important implications for the
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prospects of a wide range of applications, for example,
as an adjunct to the treatment of AD or other amyloid-
related pathologies.

4 Materials and methods

4.1 Sample Preparation

The AP1-42 peptide was purchased from Bioss (Cat. No.
bs-0107P). Dimethyl sulfoxide (DMSO) was purchased
from Beyotime (Cat. No. ST038). The rubber gaskets
and CaF, windows were purchased from TianGuang
(FHGCP) with sizes of 0.5 mm thickness and 25 mm
diameter * 2 mm thickness, respectively. Hexafluoroiso-
propanol (HFIP) was purchased from Macklin (Cat. No.
H811027) and thioflavine T (ThT) dye were purchased
from Keygen Biotech Company (Cat. No. KGMP0241).

4.2 Parameters of the Quantum Cascade laser (QCL)

The QCL was provided by the Institute of semiconduc-
tors of Chinese Academy of Sciences. The center fre-
quency of the QCL is 34.88 THz, with a bandwidth that
extends below 35.4 THz and above 34.6 THz. During the
irradiation, the repetition rate was set to 100 kHz with
a 2 ms pulse width, the current was carried out at 1050
mA with an 8% duty ratio, and the power of the light out-
let was 15 mW and decreased to 14.25 mW when pass-
ing through the window of CaF, material with a power
density of 0.73 mW/mm? The detailed information is
presented in Additional file 1: Note 1.

4.3 Preparation of AB1-42 Oligomer

First, the AB1-42 peptide powder was dissolved in cool-
ing HFIP, and then incubated at room temperature for
60 min. Afterward, the mixture of peptide-HFIP was
placed on ice for 5-10 min and moved to a fume cup-
board to allow HFIP to evaporate. After air drying, the
transparent AP peptide membrane was dissolved in fresh
100% DMSO (5 mM synthesized peptide).

4.4 Protein experiment

A silicone gasket with a thickness of 0.5 mm, outer diam-
eter of 18 mm and inner diameter of 10 mm was placed
between two calcium fluoride windows (sandwich-like).
The power of the light outset was 11.5 mW, and after
the beam expander the spot diameter was expanded to
~5 mm. Fifty pul of 5 mM AP peptides (residues 1-42)
was injected into the groove and sealed with parafilm
around the window. The experimental group was treated
with THz waves and the ThT dye was used to monitor
the content of the B-sheet structure. Fluorescence inten-
sity was detected by a multimode reader (Thermo Fisher)
and the fluorescent images were collected by fluores-
cence microscopy. The spectra collected by FTIR and the
content of the secondary structure were characterized
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through amide I deconvolution by using PeakFit
v4.12 software.

4.5 Cell experiment

The oligomer was diluted in 1640 medium to a final con-
centration of 50 nM and was used to culture the SH_
SY5Y cells. During the process, we exposed the cells to
the THz field (the power density was the same as the pro-
tein experiment with 0.73 mW/mm?) twice a day, and the
duration time was 1 hour for a single administration.
Three days later, we detected the fluorescence intensity
of the ThT dye. The control group was not administered
radition, but the other experimental conditions were con-
sistent with those in the THz group. The cell viability and
MMP assays were detected 4 hours later after THz radia-
tion, and the test products were purchased from Beyo-
time (C0037, C2006) and ThermoFisher (Hoechst 33342).

4.6 Molecular dynamics stimulation

In this research, all molecular dynamics simulations with
and without the THz-EM waves were carried out at the
temperature of 310.15 K using GROMACS software.
Each simulation consists of four processes with differ-
ent ensembles including energy minimization, NVT/
NPT equilibrium, and production simulation. The step
of energy minimization was initially used to obtain a rea-
sonable conformation system, then the NVT and NPT
ensembles were used to make the system to the expected
temperature and reasonable density under a pressure of
approximately 1.0 bar. Finally, the production simulation
was applied to collect the trajectory of the conforma-
tions in the equilibrium process for the analysis. Dur-
ing the simulation, the equation of motion was solved
by the Velocity-Verlet integrator with a time step of 2 fs
under periodic boundary conditions, and the force field
parameters of all the molecules were characterized by
the gromos54a7 force field. Furthermore, the electro-
static interactions were treated using the particle mesh
Ewald algorithm and all bond lengths were constrained
by the LINCS algorithm.
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