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Misfolding and aggregation of amyloid peptides are critical pathological events in numerous protein
misfolding diseases (PMDs), such as Alzheimer's disease (AD), type Il diabetes (T2D), and medullary thyroid
carcinoma (MTC). While developing effective amyloid detectors and inhibitors to probe and prevent
amyloid aggregation is a crucial diagnostic and therapeutic strategy for treating debilitating diseases, it is
important to recognize that amyloid detection and amyloid prevention are two distinct strategies for
developing pharmaceutical drugs. Here, we reported novel fluorescent BO21 as a versatile “dual-function,
multi-target” amyloid probe and inhibitor for detecting and preventing amyloid aggregates of different
sequences (AB, hIAPP, or hCT) and sizes (monomers, oligomers, or fibrils). As an amyloid probe, BO21
demonstrated a higher sensitivity and binding affinity to oligomeric and fibrillar amyloids compared to ThT,
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resulting in up to 18-39 fold fluorescence enhancements. As an amyloid inhibitor, BO21 also demonstrated
its strong amyloid inhibition property by effectively preventing amyloid aggregation, disaggregating
preformed amyloid fibrils, and reducing amyloid-induced cytotoxicity. The findings of this study offer a

DOI: 10.1039/d3sd00124e
new perspective for the discovery of dual-functional amyloid probes and inhibitors, which have the
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1. Introduction

Amyloid proteins are a unique class of biomolecules that have
the ability to self-assemble into a variety of structures such as
oligomers, protofibrils, and fibrils, all of which are rich in
B-structures.™® These structures are considered as
pathological hallmarks in a number of protein-misfolding
diseases (PMDs),"*” e.g., amyloid-B (AB) in Alzheimer's
disease (AD), human islet amyloid polypeptide (hIAPP) in type
II diabetes (T2D), human calcitonin (hCT) in medullary
thyroid carcinoma (MTC), and oa-synuclein (o-syn) in
Parkinson's disease (PD). These progressive PMDs typically do
not exhibit apparent symptoms during their early stages,
emphasizing the importance of detecting these diseases at
their earliest stages before asymptomatic progression renders
them irreversible.*’

Fluorophores with a fluorescence turn-on mechanism,
including thioflavin-T (ThT) and Congo red (CR), are widely
used as probes to detect amyloid aggregates due to their
simple read-out, easy instrumentation, rapid fluorescence

“ Department of Chemical, Biomolecular, and Corrosion Engineering, The
University of Akron, Ohio, USA. E-mail: zhengj@uakron.edu

b School of Polymer Science and Polymer Engineering, The University of Akron,
Ohio, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3sd00124e

© 2023 The Author(s). Published by the Royal Society of Chemistry

potential to greatly expand the diagnostic and therapeutic treatments available for PMDs.

response, and high sensitivity.'”"® Among these

fluorophores, ThT (Fig. 1b) was the first fluorescent probe
used for amyloid detection and its history can be tracked
back to 1959." ThT is a planar-like molecular rotor that
contains both an electron acceptor (benzothiazole) and donor
(aniline), allowing it to freely rotate around the C-C bond in
an unbound state. However, upon binding to the
hydrophobic B-sheet grooves of amyloid fibrils, ThT
undergoes non-radiative torsional twisting of C-C bonds,
resulting in a dramatic enhancement in fluorescence
emission.'” ThT is considered as a gold-standard probe for (i)
quantifying amyloid formation,'®™® (ii) determining binding
sites in amyloid structures,"®*° (iii) detecting and
differentiating amyloid aggregates with different structural
features,”>** (iv) staining amyloid aggregates in vitro, ex vivo,
and in vivo,>*** and (v) screening amyloid inhibitors for
PMDs.>>?° On the other hand, ThT has certain limitations.
For example, it exhibits almost exclusive binding selectivity
toward amyloid fibrils>” and not toward amyloid oligomers
that are considered to be the most toxic species.
Furthermore, ThT is known to experience major interference
from the autofluorescence of the biological matrix, which
results in a strong background signal.*®*° Recent studies
have shown that only ~10% of the bound ThT in amyloid
solution contributes to the observed fluorescence
enhancement,® suggesting that ThT may not be an accurate
measure of amyloid fibrils due to non-specific binding.
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Fig. 1 Dual-functional BO21 fluorescence for amyloid detection and inhibition. Chemical structure of (a) BO21 and (b) ThT. (c) Sequence of AB,
hIAPP, and hCT. Color ID: positively charged residues (orange letters), negatively charged residues (blue letters), polar residues (green), and non-
polar residues (black). (d) BO21 serves as a general amyloid probe with an “off-on” switch to detect various amyloid aggregates. (e) BO21 functions
as an amyloid inhibitor to prevent amyloid aggregation via different pathways.

It is crucial to search for alternative fluorescent
compounds that exhibit higher binding affinity and
selectivity towards amyloid oligomers, as well as larger
differences in fluorescence between the free and amyloid-
bound forms. Basic orange 21 (BO21) is a cationic
polymethine dye,*"** with a structure comprising a methyl
indolinium group and an indole group connected by a
bridging C=C bond (Fig. 1a). As a molecular rotor, upon
photoexcitation BO21 undergoes a torsional motion due to
either the indolinium or indole rings rotating with respect to
the H-C—C-H plane, which leads to the formation of the
twisted intramolecular charge transfer (TICT) state.*®> When
BO21 molecules aggregate or bind to targets, the free rotation
of its molecular fragments is restricted, preventing the
torsional movements.** This suppression of nonradiative
decay modes results in an elevated quantum yield. More
importantly, BO21 outperforms other fluorescent dyes due to
several advantages. Firstly, BO21 has far higher fluorescence
polarization (FP) than most fluorophores in water.*!
Secondly, the quantum yield of BO21 in water is much lower
than that of similarly-sized fluorescein, which is a
consequence of its short lifetime.*® Lastly, BO21 has been
extensively used in cellular biological studies due to its low
cytotoxicity,>>>° making it a promising candidate for
biomedical applications.

Considering that both “inhibition” and “detection” of
amyloid aggregates are essentially governed by molecular
interactions between amyloid proteins and probe molecules,
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any molecule that exhibits high binding affinity with
amyloids could potentially function as both an amyloid
detector and inhibitor.*>*' Toward this goal, we proposed to
examine the potential functions of BO21 as both an amyloid
probe and inhibitor for monitoring, detecting, and altering
amyloid aggregation of three different amyloid proteins
(namely, AB, hIAPP, and hCT, Fig. 1c). In comparison to ThT
that is the most extensively studied and commonly used
amyloid probe, BO21 exhibits a distinctive off-on
fluorescence response when in the presence of amyloid
aggregates, offering several remarkable advantages: (i) an
ultrahigh  signal-to-noise (S/N) ratio with integrated
background minimization and accurate signal amplification,
(ii) an exceptional binding affinity to amyloid aggregates, (iii)
the ability to detect oligomeric intermediates formed during
the early stages of fibril formation, and (iv) the capacity to
differentiate between amyloid monomers, oligomers, and
fibrils based on distinct fluorescence intensities (Fig. 1d). In
addition to its role as an amyloid probe, BO21 also functions
as an amyloid inhibitor, able to modify the amyloid
aggregation pathway, fibril morphology, and secondary
structure distributions through different pathways. BO21 can
inhibit amyloid fibrillization by targeting small aggregates,
disassemble preformed amyloid fibrils, and alleviate amyloid-
associated cytotoxicity (Fig. 1le). More importantly, extensive
efforts have been made in the amyloid research field to
develop amyloid detectors and inhibitors. However, as
illustrated in Fig. 2, most of these strategies do not possess

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Functional comparison of different amyloid detectors and inhibitors in terms of the Kp value (red) and relative inhibited fibrillization rate
(blue). References* indicate that neither the Kp, value nor the relative amyloid fibrillization rate is available in the cited literature. All references here

are also listed in Table S1.f

the ability to combine these two functions. Conventional
design approaches are primarily limited to a single function
(amyloid detectors**™*® or inhibitors*’°) or a single amyloid
protein®" (AB, hIAPP, or hCT), and have yet to yield successful
drugs on the market. Our study presents, for the first time,
BO21 as a “multi-target, dual-function” amyloid probe and
inhibitor, offering a promising avenue for (pre)clinical
strategies in the diagnosis and treatment of PMDs.

2. Results and discussion

2.1. Aggregation- and concentration-dependent fluorescence
emission of BO21 independent of amyloid sequences

Firstly, we carried out a series of spectroscopic tests to study
the binding-induced emission of BO21 when interacting with
(i) different amyloid proteins of AB, hIAPP, and hCT and (ii)
different aggregation species of amyloid proteins from
monomers and oligomers to fibrils at different BO21:
amyloid molar ratios of 1:0.625-1:40. As shown in Fig. 3a,
at first glance, BO21 exhibited a “concentration and
conformational-dependent, sequence-independent”
fluorescence emission property. ie., for all three types of
amyloid peptides, the emission intensity of BO21
consistently increased with the gradual rise in amyloid
aggregate concentration, exhibiting a preferential binding
order of amyloid fibrils > amyloid oligomers > amyloid
monomers. Specifically, as compared to the blank
background fluorescence signal of 4.73 a.u. for 1 pM BO21
alone, when BO21 (1 uM) was co-incubated with A, hIAPP,
and hCT monomers (0.625-40 uM), all three BO21-amyloid
systems exhibited weak emission peaks at 540 nm, as
indicated by the fluorescence intensity of 5.96-50.6 a.u.,
6.60-16.5 a.u., and 5.30-12.4 a.u., respectively, indicating
that BO21 had a very low binding affinity to amyloid

© 2023 The Author(s). Published by the Royal Society of Chemistry

monomers. Among these three amyloid monomers, BO21-
AR monomers exhibited a significant increase in
fluorescence intensity, especially at higher concentrations of
20-40 uM AP monomers. This can be attributed to the
higher aggregation rate of AB (Fig. 5a), resulting in a higher
packing density of AP aggregates to restrict the free rotation
of BO21.

Conversely, upon introducing BO21 to amyloid oligomers,
the fluorescence intensities at 540 nm displayed a gradual
increase from 9.93 to 94.0 a.u. for Af oligomers, from 6.39 to
147 a.u. for hIAPP oligomers, and from 25.9 to 107 a.u. for
hCT oligomers, as the amyloid concentration increased from
0.625 to 40 uM. The fluorescence enhancement became more
pronounced in the BO21-amyloid fibril systems, with the
highest fluorescence intensities at 540 nm observed to be
184, 330, and 387 a.u. for 40 uM A, hIAPP, and hCT fibrils,
respectively. Quantitively, the binding affinities (Kp) of BO21
to different amyloid aggregates from monomers and
oligomers to fibrils were determined through the simplified
1:1 binding model.**>* The fluorescence intensity increased
at 540 nm with titration was used to quantify the binding
affinities, which were found to be 34 nM, 15 nM, and 139 nM
for AR monomers, oligomers, and fibrils, 46 nM, 18 nM, and
115 nM for hIAPP monomers, oligomers, and fibrils, and 29
nM, 36 nM, and 240 nM for hCT monomers, oligomers, and
fibrils, respectively. These results confirm strong and general
binding between BO21 and different amyloid aggregates
(Table S2 and Fig. S1t). Fluorescence titration results
demonstrate a binding affinity order of oligomers >
monomers > fibrils across different amyloid seeds. The
fluorescence emission intensity observed for different types
of amyloid aggregates can be attributed to the ability of BO21
to bind to the general B sheetrich structure of amyloid
oligomers and fibrils. Such BO21-amyloid binding leads to a
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Fig. 3 BO21 exhibits an aggregation- and concentration-dependent fluorescence emissive property that is independent of amyloid sequences. (a)
Fluorescence spectra and optical photos (insets) of BO21 (1 uM) in the absence (black) and presence (colored) of monomeric (1st row), oligomeric
(2nd row), and fibrillar (3rd row) aggregates of AB (1st column), hIAPP (2nd column), and hCT (3rd column), showing the sequence-independent
fluorescence emissive property of BO21 that is aggregation- and concentration-dependent. (b) Representative fluorescence images of amyloid
fibrils stained by BO21. Scale bars are 45 uM. Samples were prepared in BO21 (1 uM)-PBS buffer solution (10 mM, pH = 7.4) with different
concentrations of amyloid seeds (amyloid : BO21 = 0.625-40) in a 96-well plate at room temperature and recorded between 500 and 700 nm with

an excitation wavelength of 470 nm.

decrease in conformational freedom and rotational
restriction of the BO21 fluorophore. In other words, when
BO21 binds to monomeric amyloids with random coil
structures, it is able to retain its freely rotational state, as
reflected in the lower fluorescence intensity observed.

Seeing is believing. Visual inspection of the binding and
detection of amyloid aggregates by BO21 was achieved
through fluorescence imaging. Under UV photoexcitation,
mixtures of amyloid oligomers and fibrils with BO21 showed
strong fluorescence, while mixtures of native amyloids and
BO21 emitted almost no light (inset images in Fig. 3a).
Further fluorescence imaging was performed by staining
amyloid oligomers and fibrils with 1 pM BO21, as shown in
Fig. 3b and S2.f The images confirmed that BO21 failed to
probe amyloid monomers, as evidenced by the all-black

1472 | Sens. Diagn., 2023, 2,1469-1482

images, while it became readily visible when co-incubated
with amyloid oligomers and fibrils. Evidently, the
fluorescence emission intensity of BO21 decreases in the
presence of amyloid fibrils, followed by amyloid oligomers
and amyloid monomers. This reduction in fluorescence
emission aligns with the gradual decrease in the B-sheet
structure observed from amyloid fibrils to amyloid oligomers
and amyloid monomers. This finding indicates that the
fluorescence emission of BO21 is attributed to its interaction
with the B-sheet structure of amyloid aggregation, irrespective
of the specific amyloid sequences investigated.
Mechanistically, the binding of BO21 to the p-sheet structure
of amyloid aggregates restricts the free rotation of BO21,
leading to increased radiative recombination and
fluorescence emission.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparative monitoring and detection of amyloid fibrillation by BO21 and ThT. (a) Signal-to-noise (S/N) ratio comparison of ThT (green)
and BO21 (dark yellow) probes for detecting AB (1st column), hlIAPP (2nd column), and hCT (3rd column) aggregates at concentrations ranging
from O to 40 uM. (b) Fluorescence profiles and (c) radar charts for evaluating the performance of ThT and BO21 probes in detecting AB, hlIAPP, and
hCT aggregates based on four criteria: final fluorescence increment, aggregation rate (k), aggregation half time (t;/,), and lag-phase time. (d)
Competitive binding of ThT and BO21 to AB, hlAPP, and hCT fibrils under the same excitation. Samples were prepared in BO21 (1 pM)-PBS buffer
solution (10 mM, pH = 7.4)/ThT (1 uM)-PBS buffer solution (10 mM, pH = 7.4) with different concentrations of amyloid seeds (amyloid: BO21 =
0.625-40) in a 96-well plate at room temperature and recorded between 500 and 700 nm/450 and 650 nm with an excitation wavelength of 470

nm/450 nm.

2.2. Comparison of BO21 and ThT as fluorescent probes for
detecting amyloid aggregates

In order to quantitatively detect amyloid using BO21 and ThT
(a gold standard amyloid probe), a titration experiment was
conducted by measuring fluorescence spectra in PBS at a
series of amyloid mature fibril concentrations (0-40 uM) (Fig.
S3t). As a control, in the absence of amyloid fibrils, ThT
alone showed a fluorescence intensity of 190 a.u. due to its
inherent fluorescence property in aqueous solution, thus
yielding an undesirable background noise signal. In contrast,
BO21 showed a significantly lower background signal of only
4.75 a.u., which was 1/40th of the ThT background signal.
The low background signal of BO21 could be attributed to its
high solubility in aqueous solution, which minimized its

© 2023 The Author(s). Published by the Royal Society of Chemistry

non-specific binding and fluorescence background. This
characteristic of BO21 provided essential conditions for
achieving an ultrahigh signal-to-noise (S/N) ratio. As shown
in Fig. 4a, BO21 exhibited exceptional S/N ratios ranging
from 1.37 to 18.4, 1.57 to 33.0, and 1.21 to 38.9 upon binding
to 0.625 to 40 pM AP, hIAPP, and hCT fibrils, respectively. In
comparison, ThT yielded lower S/N ratios, ranging from 1.05
to 2.98 for AP fibrils, 1.61 to 10.4 for hIAPP fibrils, and 1.66
to 5.73 for hCT fibrils. Additionally, BO21 demonstrated a
superior linear fit with all types of amyloid fibrils compared
to ThT, as evidenced by its higher R* values of 0.9839, 0.9930,
and 0.9982 for AP, hIAPP, and hCT fibrils, respectively. In
contrast, ThT exhibited lower R* values ranging from 0.7820
to 0.9968. The superior S/N ratio and linearity of BO21 can be
attributed to its low background signal and increased

Sens. Diagn., 2023, 2,1469-1482 | 1473
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of 20 uM AB, hlIAPP, and hCT aggregation after 24-48 h incubation with and without 20-80 uM BO21, showing the effect of BO21 on the
morphology and size of the aggregates. Scale bars are 1 um. Samples were prepared in PBS buffer (10 mM, pH = 7.4) at 37 °C. (c) Secondary
structure distributions of AB, hlAPP, or hCT (20 uM) in the presence of varying concentrations of BO21, ranging from 0 uM (inner cycle) to 5-40
uM (middle cycle) and 20-80 uM (outer cycle), as determined by circular dichroism (CD) spectral analysis using the BESTSEL program. Samples
were prepared in PBS buffer (10 mM, pH = 7.4) at 37 °C. (d) Time-dependent ThT fluorescence profile for pure amyloid proteins (black) and the
addition of 20-80 uM BO21 to 20 uM A, hlAPP, and hCT seeds pre-incubated for 4 h (red), 10 h (blue), 29 h (green), and 49 h (brown). The time
points at which BO21 was added to different amyloid seed solutions are indicated by arrows in the ThT profiles. Samples were prepared in ThT (10
puM) -Tris buffer solution (10 mM, pH = 7.4) in a 96-well plate at 37 °C and recorded at every 1 hour interval.

amyloid binding specificity, thus enabling the quantitative  respectively, which were obtained through fitting the

and accurate detection of amyloids (Fig. S47).

The detection limit of BO21 and ThT was determined by
using a fixed concentration of mature amyloid fibrils (20 uM)
with varying dye concentrations (0.1 to 1 pM) to fit the
fluorescence spectra by the 36/k method and the results are
summarized in Table S3.f The detection limit of BO21 was
found to be exceptionally low, with values of 0.1479 pM,
0.1952 uM, and 0.2687 uM for AP, hIAPP, and hCT fibrils,

1474 | Sens. Diagn., 2023, 2, 1469-1482

fluorescence spectra using the 36/k method.>* These values
were accompanied by higher R* values of 0.9852, 0.9745, and
0.9528 for AP, hIAPP, and hCT fibrils, respectively,
highlighting the superior sensitivity and accuracy of BO21 for
detecting amyloid fibrils. In comparison, ThT had a detection
limit and R? value of 0.5333 puM and 0.8365 for AP fibrils,
0.4009 puM and 0.9005 for hIAPP fibrils, and an N/A value
indicating non-linearity and 0.1616 for hCT fibrils,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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respectively (Fig. S5 and S6t). These results demonstrate that
BO21 has a significantly lower detection limit and higher
linearity than ThT for all types of amyloid fibrils tested.

Next, we conducted a side-by-side comparison of the
steady state fluorescence response of BO21 and ThT. As a
control, we evaluated the potential interference of 1 uM BO21
in the fibrillation kinetics by co-incubating BO21 with freshly
prepared amyloid peptides. The results in Fig. S71 showed no
discernable difference in the fibrillation processes with and
without BO21, confirming the exclusive function of 1 pM
BO21 as an amyloid probe. To ensure that the initial
background is minimized and the signal amplification is
accurate for detecting amyloid aggregates, we normalized the
fluorescence intensity by dividing the fluorescence emission
intensity of the BO21/ThT-amyloid systems at different
aggregation time points with the fluorescence emission
intensity of the BO21/ThT-amyloid systems at ¢t = 0 h. Fig. 4b
shows the normalized time-dependent fluorescence response
of 1 pM BO21 (dark yellow curve) and ThT (green curve) in
the presence of wild-type amyloid peptides (20 pM)
undergoing the fibrillization process. The fluorescence curves
of the three BO21-amyloid systems showed a similar pattern
to the ThT fluorescence curves, with typical nucleation-
polymerization kinetics of amyloid fibrillization. This
suggests that BO21 is generally sensitive to amyloid fibril
formation and has the capacity to function as an amyloid
aggregation probe. Compared to ThT, BO21 exhibited better
performance in terms of emission intensity and sensitivity
towards the earlier amyloid species. This is evidenced by
several parameters: (i) comparable or shorter lag phase (¢ =
11 hvs. t=11 hfor AB,t=5hwvs. t=5h for hIAPP, t =5 h vs.
¢t = 10 h for hCT), (ii) less time to reach half of Iy (t12 =
12.5 h vs. ty, = 13.9 h for AB, t1, = 7.7 h vs. t3;, = 9.0 h for
hIAPP, ¢, = 13.6 h vs. t;,, = 18.5 h for hCT), and (iii) faster
aggregation kinetics at ¢, (k = 16.9 t ' vs. k = 9.3 t™* for AB, k
=43.4t " vs. k=18.8 t ' for hIAPP, k=402 t ' vs. k=18.9 t™*
for hCT) (Fig. 4c). Consistent with the findings presented in
Fig. 3, the earlier and stronger fluorescence enhancement
observed for BO21 suggests that it can detect the formation
of an intermediate species (i.e., the most toxic form of
amyloid oligomers) that is distinct from the monomeric and
fibrillar forms of amyloid. On the other hand, BO21 exhibits
a stronger fluorescence response than ThT towards amyloid
fibrils. Specifically, the fluorescence intensity induced by
BO21-amyloid binding was higher by 231% for AB, 219% for
hIAPP, and 366% for hCT, respectively, as compared to the
ThT-amyloid binding systems. Through side-by-side
comparisons of ThT and BO21 fluorescence responses to
amyloid kinetics, we confirmed that BO21 is a more
promising and potential fluorescent probe candidate for
monitoring fibrillation and distinguishing between amyloid
species, from their monomers to oligomers and fibrils.

Given that both BO21 and ThT contain multiple aromatic
rings,*® we examined their binding mechanisms to determine
if BO21 competes for the same binding sites as ThT. This
allowed us to determine the competitive binding affinity
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between the ThT-amyloid and BO21-amyloid systems. To
this end, we conducted a series of competitive binding tests.
Initially, amyloid fibrils were monitored using either ThT
alone at e = 450 nm (light green) or BO21 alone at A, = 470
nm (light yellow). Subsequently, the emission signal from the
single fluorophore was measured after adding another
fluorophore. For example, BO21 was added into ThT-binding
amyloid solution and tested at A = 450 nm (dark green), or
ThT was added into BO21-binding amyloid solution and
tested at Aex = 470 nm (dark yellow). Since the emission of
ThT is not within the range of BO21 absorption, there is no
energy transfer between BO21 and ThT. Therefore, any
reduction in fluorescence after the addition of the second
fluorophore would only indicate the occurrence and
efficiency of binding replacement. Fig. 4d shows that the
addition of ThT or BO21 as a second fluorophore induced a
reduction in the fluorescence spectrum for detecting amyloid
fibrils to different extents. Specifically, the addition of BO21
caused a significant reduction in the fluorescence emission
of ThT, indicating that BO21 and ThT compete for the same
binding sites on amyloid fibrils. However, due to its higher
binding affinity to amyloid fibrils, BO21 was able to displace
the bound ThT molecules and occupy the binding sites,
leading to the fluorescence reduction. Evidently, under 450
nm excitation, BO21 was able to effectively compete with ThT
for binding sites, leading to a reduction of the fluorescence
peak at 485 nm by 18.6%, 41.5%, and 34.5% for AP, hIAPP,
and hCT fibril systems, respectively. In contrast, when ThT
was added to BO21-bound amyloid fibrils, the binding
interaction between amyloid fibrils and BO21 was affected to
a lesser extent under 470 nm excitation. The fluorescence
spectra showed peak changes of only —-3.10%, —18.6%, and
-16.9% at 465 nm for AP, hIAPP, and hCT fibril systems,
respectively. These results suggest that ThT has a lower
binding affinity to amyloid fibrils compared to BO21, thus
ThT is energetically unfavorable to displace the bound BO21
molecules.

2.3. General inhibition of amyloid fibrillization by BO21

Hypothetically, the amyloid detection property of BO21 is
attributed to its ability to strongly interact with amyloid
species, which competitively immobilizes the torsional
movements of BO21, leading to the emission of strong
fluorescence. Moreover, these strong BO21-amyloid
interactions may potentially reduce amyloid-amyloid
interactions, thereby inhibiting amyloid aggregation and even
breaking down preformed amyloid aggregates. To test this
hypothesis, we examined the potential inhibition ability of
BO21 (2-80 uM) in the presence of freshly prepared A,
hIAPP, or hCT (20 uM) with different amyloid : BO21 molar
ratios ranging from 1:0.1 to 1:4 at 37 °C for 30-48 h. As
shown in Fig. S8,7 incubation of pure BO21 at concentrations
ranging from 0.1-80 puM at 37 °C for 48 hours did not
produce any detectable fluorescence signal, which rules out
the possibility of (i) any fluorescence emission from BO21
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itself upon excitation at 450 nm and (ii) any abnormal
interactions between BO21 and ThT that could affect the
accuracy of the subsequent inhibition tests. As additional
controls, AB, hIAPP, or hCT alone displayed characteristic
sigmoidal nucleation-polymerization Specifically,
each curve started with a short lag phase of 0-10 hours,
followed by a rapid growth phase of 3-28 hours, and finally
reached a saturated phase with the highest ThT intensity of
371, 161, and 1089 a.u., respectively (as indicated by the
black lines in Fig. 5a). For comparison, the presence of BO21
resulted in concentration-dependent inhibition of the
aggregation kinetics for all three amyloid peptides, as
evidenced by (i) an increase in the lag time from 0 h to 36/48
h (ie, complete inhibition), (ii) a reduction in the
aggregation rate during the growth phase, and (iii) a decrease
in the final ThT intensity during the equilibrium phase. As a
proof-of-concept example, we found that 20 uM BO21 was
able to completely suppress equimolar AP aggregation.
Further decreasing the AP:BO21 ratio from 1:0.5 to 1:0.1
resulted in a reduction of Af fibrilization by 8.62%, 36.1%,
and 94.8%, indicating general inhibition of AP aggregation
by binding with AP species. As compared to A, a higher
concentration of BO21 was required to achieve a comparable
level of inhibition for hIAPP and hCT. At molar ratios of
BO21:amyloid = 0.5:1 to 4:1 and 0.25:1 to 4:1, BO21 (5-80
uM) significantly inhibited 20 uM amyloid fibril formation of
hIAPP by 43.6 to 93.3% and hCT by 44.7 to 98.4%,
respectively.

To validate the ThT results, we also recorded AFM
images at different time points during the kinetic
experiments. The AFM images of the pure amyloid samples
(20 uM) showed a large quantity of fibrils being formed
after 24 hours of incubation, with an average height/length
of 20/2480 nm for AP, 16/2588 nm for hIAPP, and 23/2654
nm for hCT. In comparison, co-incubation of 20 uM
amyloid peptides with 20 uM (for AB) or 80 uM (for hIAPP
and hCT) BO21 almost completely suppressed amyloid fibril
formation. This was evidenced by the absence of large
mature fibers, and instead the presence of many discrete
spherical aggregates. Analysis of these aggregates in the
AFM images revealed a significant reduction in the average
height/length of 13/135 nm for AB-BO21, 10/140 nm for
hIAPP-BO21, and 12/132 nm for hCT-BO21 systems,
respectively (Fig. 5b).

To gain further insight into the inhibition mechanism,
we utilized circular dichroism (CD) spectroscopy to
monitor changes in the secondary structure of amyloid
peptides (20 uM) during fibril formation in the presence
and absence of BO21 (5-80 puM) (Fig. 5¢ and S9-S11f}). As
a control, all three types of amyloid peptides showed a
typical secondary structural transition from a random coil
(indicated by the negative peak at 198 nm) to a f-sheet
rich structure (indicated by the negative peak at ~215 nm
and positive peak at ~195 nm) during self-aggregation.
Specifically, at 24-48 h, pure AB, hIAPP, and hCT (20 uM)
exhibited 50.4%, 46.8%, and 43.7% random coil, 4.7%,

curves.
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6.0%, and 0.1% o-helix, and 44.9%, 47.2%, and 56.1%
B-structure, respectively. In contrast, the co-incubation of
BO21 with amyloid peptides resulted in a significant delay
in the structural transition of amyloid aggregates from
random coil structures to [-sheet structures in a dose-
dependent manner, as indicated by the weakened peak at
~215 nm and ~195 nm (Fig. S9-S11t). Specifically, for Af
aggregates, 5-20 uM BO21 reduced the B-structure content
to 35.2-43.1% (Fig. S91); for hIAPP aggregates, 40-80 puM
BO21 reduced the B-structure content to 42.6-44.6% (Fig.
S10t1); and for hCT aggregates, 40-80 uM BO21 reduced
the B-structure content to 36.8-42.1% (Fig. S11}). The CD
spectra analysis revealed that the dose-dependent effect of
BO21 on reducing the p-structure content in amyloid
aggregates varied across different amyloid peptides.
Additionally, the results suggested that BO21 inhibits
amyloid fibrillization by hindering the conformational
changes of amyloid from random coil to f-sheet
structures.

While BO21 exhibited strong inhibition of amyloid
aggregation from monomers to fibrils, it is also important
to examine whether it can inhibit amyloid aggregation
from preformed amyloid seeds. To this end, we performed
seeding experiments by adding 20 uM (for AB)/80 uM (for
hIAPP and hCT) BO21 to amyloid seeds (20 uM) that were
pre-incubated for 4 h, 10 h, 29 h, and 49 h, covering the
lag, growth, and equilibrium phases of AP, hIAPP, and
hCT aggregation. The inhibitory efficiency was assessed by
monitoring changes in the aggregation kinetics (i.e., ThT
signals) before and after the addition of BO21 to the
amyloid seed solutions. As shown in Fig. 5d, upon adding
BO21 to preformed amyloid seeds incubated for different
durations, there was a sudden drop in ThT signals
indicating a strong inhibitory effect on amyloid
aggregation. This observation was evident in all cases and
was observed at specific points upon adding BO21. To
quantify the inhibitory effect of BO21 on preformed
amyloid seeds, we compared the ThT signals before and
after adding BO21 to 4 h-, 10 h-, and 29 h-seeded amyloid
solutions. The results showed that BO21 significantly
reduced the final fibrillization of AB/hIAPP/hCT by 102.3%/
96.1%/91.7% (red line), 98.0%/61.5%/93.0% (blue line),
and 84.5%/25.7%/93.7% (green line), respectively. Notably,
BO21 exhibited the ability to act as a “B-sheet breaker” by
disassembling preformed AP and hCT fibrils, but not
hIAPP fibrils that were obtained after 48 hours of
incubation. Specifically, at molar ratios of BO21:amyloid =
1:1 and 4:1, BO21 reduced the amount of AB and hCT
fibrils (20 puM) by 66.5% and 82.4%, respectively (brown
line). Such a disassembly property of BO21 could
potentially serve as an important therapeutic strategy for
the treatment of amyloid diseases by removing or
remodeling existing amyloid fibrils. On the other hand,
given the different residue compositions and sequences of
the three amyloid peptides, BO21 showed varying degrees
of inhibitory efficiency on different amyloid peptides.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4. Alleviation of amyloid-induced cell toxicity by BO21

The aforementioned results demonstrated the dual capacity
of BO21 as an amyloid probe for the detection of amyloid
aggregates and as an inhibitor of amyloid fibrillization. In
order to translate these findings into more clinically relevant
applications, it is crucial to evaluate (i) the intrinsic toxicity
of BO21 and (ii) its potential neuroprotective effects against
amyloid-induced cytotoxicity. To assess the potential
neuroprotective effects of BO21 on amyloid-induced
cytotoxicity by MTT and LDH assays, we used different cell
lines and amyloid proteins for in vitro cell toxicity tests.
Specifically, we used the human neuroblastoma SH-SY5Y cell
line for Ap- and hCT-related systems, and the rat pancreatic
insulinoma RIN-m5F cell line for hIAPP-related systems. Fig.
S121 shows that pure BO21 displayed a dose-dependent
general cytotoxicity to both cell lines as a control. At low
concentrations (0.1-20 pM), BO21 was non- or less toxic to
SH-SY5Y/RIN-m5F cells with 90.0-97.1%/87.8-99.3% cell
viability and 0.37-7.57%/-0.30-5.48% cytotoxicity, while at
high concentrations (40-80 puM), BO21 was highly toxic to
SH-SY5Y/RIN-m5F cells with 66.9-88.5%/52.0-93.0% cell
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viability and 23.1-28.6%/12.0-19.1% cytotoxicity.
Additionally, pure AB, hIAPP, and hCT (20 uM) caused 48.2%,
45.6%, and 55.0% cell viability and 27.3%, 15.8%, and 22.4%
cell apoptosis, respectively, upon 24 h incubation with cells,
indicating the high toxicity of amyloid aggregates to the cells
(Fig. 6).

To investigate the potential neuroprotective effects of
BO21, co-incubation of BO21 with amyloid-treated cells
showed that all three BO21-amyloid systems led to an
increase in cell viability and a decrease in cytotoxicity to
some extent, as compared to their corresponding amyloid
systems alone. Thanks to the high inhibition efficiency of
BO21 on AP aggregation, all tested concentrations of BO21
(i.e., 1-20 uM) were found to be non-toxic to SH-SY5Y cells.
Specifically, as BO21 concentrations increased from 1 to 20
uM, BO21 enhanced cell viability from 56.1% to 68.7% and
reduced cell toxicity from 20.8% to 1.87% (Fig. 6a), exhibiting
a concentration-dependent cell protection manner. In the
case of BO21-hIAPP and BO21-hCT systems, the impact of
the BO21 concentration on cell viability and cytotoxicity was
more complex. Although increasing the BO21 concentration
can provide better protection against amyloid aggregation-

»
o o

cytotoxicity %
n w

Fig. 6 Rescue of cells from amyloid-induced cytotoxicity by BO21. Dose-dependent cell protection effect of BO21 on amyloid-induced
cytotoxicity in (a) AB-treated SH-SY5Y cells, (b) hIAPP-treated RIN-m5F cells, and (c) hCT-treated SH-SY5Y cells, as measured by the MTT assay (1st
column) and LDH assay (2nd column). Cells were co-treated with amyloid (20 uM) and BO21 (1-80 uM) for 24 h. Statistical analysis was conducted
to compare cells treated with amyloid proteins alone to the control group (*, p < 0.05; **, p < 0.01; *** p < 0.001), as well as to compare cells
treated with both BO21 and amyloid proteins to cells treated with amyloid proteins alone (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Data points
are depicted as mean values of repeated measurements (n = 3) * standard errors of the mean. SH-SY5Y/RIN-m5F cells were cultured in 25 cm?
T-flasks in sterile-filtered ATCCformulated EMEM and F12/RPMI1640 medium containing 10% fetal bovine serum and 1% penicillin/streptomycin.
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induced cytotoxicity, it also causes more cell death due to its
intrinsic toxicity. Evidently, 10 pM BO21 improved -cell
viability by 35.4% and decreased cell toxicity by 15.8% in the
presence of hIAPP and RIN-mS5F cells, but further increasing
the concentration of BO21 to 20-80 uM led to a gradual
decrease in cell viability to 60.0-74.7% and an increase in
cytotoxicity to 1.80-7.99% (Fig. 6b). Similar to the hIAPP-
RIN-m5F cell system, as the BO21 concentration increased
from 5 to 10 pM, BO21 can protect SH-SY5Y cells from hCT-
induced toxicity by improving cell viability by 11.8-16.4%
and reducing cell cytotoxicity by 10.7-17.4% (Fig. 6c).
However, the cell protection effect of BO21 was weakened
when used at concentrations of 40-80 uM, as evidenced by
the lower cell viability (41.5-68.7%) and higher cytotoxicity
(10.7-18.8%).

3. Conclusions

In this work, we have demonstrated for the first time that
BO21 functions as a versatile “dual-function, multi-target”
amyloid probe and inhibitor across a range of amyloid
peptides, including Ap (associated with AD), hIAPP
(associated with T2D), and hCT (associated with MTC). As an
amyloid fluorescence probe, side-by-side comparisons of ThT
and BO21 fluorescence responses to different amyloid
aggregates confirmed that BO21 is a more promising and
potential fluorescent probe candidate for monitoring
fibrillation and distinguishing between amyloid species, from
their monomers to oligomers and fibrils. BO21 exhibited
better performance than ThT in terms of emission intensity
and sensitivity towards earlier amyloid species and faster
aggregation kinetics. Furthermore, in the presence of amyloid
fibrils, BO21 demonstrated a significantly stronger
fluorescence response compared to ThT, with fluorescence
enhancements ranging from 18-39 fold for Af, hIAPP, and
hCT fibrils. Overall, the earlier fluorescence enhancement of
BO21 suggests that it can detect the formation of
intermediates, which are the most toxic species of amyloid
oligomers.

Meanwhile, we have demonstrated that BO21 acts as an
effective amyloid inhibitor, as evidenced by collective
aggregation data from ThT, CD, and AFM experiments.
Specifically, BO21 was able to bind with amyloid monomers
and oligomers to completely inhibit amyloid aggregation and
delay the secondary structure changes to the B-structure by
35.2-44.6%. Additionally, BO21 was able to break down
mature amyloid fibrils into small aggregates. Importantly,
MTT and LDH cell assays showed that BO21 was able to
rescue cells from amyloid-induced cytotoxicity by significantly
increasing cell viability by ~7.89-35.4% and reducing
cytotoxicity by ~3.53-25.4%, revealing the potential
therapeutic value of BO21. These findings suggest that BO21
has significant promise as a potential therapeutic agent for
the potential detection and treatment of amyloid-related
diseases. In addition, the use of BO21 as a molecular rotor
for amyloid detection does have some limitations that should
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be considered. Firstly, BO21 emits fluorescence in the short/
visible wavelength range, which may limit its applicability in
certain experimental setups or instrumentation. Secondly,
the fluorescence of BO21 can be influenced by environmental
factors such as salt concentration, pH, and solvent polarity,
which may require careful optimization for different
experimental conditions. Lastly, like other molecular rotors,
BO21 may exhibit aggregation-induced quenching effects,
which could affect its performance in samples with high
amyloid concentrations. These limitations should be taken
into account when using BO21 as a fluorescent probe for
amyloid detection.

4. Experimental procedures

Reagents
Amyloid beta (ABi_4, =95%), human islet amyloid
polypeptide (hIAPP, 3,, purity = 95.0%), and human

calcitonin (hCT,_3,, purity = 95.0%) were purchased from
CPC Scientific (CA, USA). Basic orange 21 (BO21), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP,99.9%), 10 mM phosphate-
buffered saline (PBS, pH = 7.4), dimethyl sulfoxide (DMSO,
99.9%), and thioflavin T (ThT, 98%) were obtained from
Sigma-Aldrich (MO, USA). All other chemicals used in this
work were of the highest grade.

Peptide purification and preparation

All the peptides were stored at -20 °C immediately once
received. To obtain monomeric amyloid peptides, all
lyophilized peptides were dissolved in HFIP and incubated at
ambient temperature for 2 h, followed by 30 min sonication
in an ice bath and 30 min centrifugation at 14 000 rpm and 4
°C, and stored at —80 °C before use. Unless otherwise stated,
all peptides were freeze-dried for 1 h and pre-solubilized in
DMSO (5% v/v), and then further dissolved in different
buffers (Tris buffer/PBS buffer) to reach the desired
concentration. The prepared peptide solution must be
proceeded on ice and used within 1 h.

Fluorescence light-up detection of amyloid species using
BO21 and ThT probes

In the study of using BO21 and ThT as amyloid probes, 40
uM amyloid peptides were incubated to obtain the
monomers, oligomers, and fibrils, followed by dilution to
0.625-20 uM. To induce the fluorescence light-up detection,
1 pL luminogen (i.e., BO21 or ThT) was added to 200 uL
amyloid solutions and the fluorescence wavelengths were
then recorded between 500 and 700 nm/450 and 650 nm with
an excitation wavelength of 470 nm (B0O21)/450 nm (ThT) by
using the kinetic top-read mode of a SpectraMax M3
microplate reader (Molecular Devices, CA, USA).

In order to intuitively observe the “turn on” fluorescence,
40 uM amyloid species of monomers, oligomers, and fibrils
stained by 1 uM BO21 were selected to take a photo under

© 2023 The Author(s). Published by the Royal Society of Chemistry
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365 nm UV light and further be imaged by fluorescence
microscopy under a GFP filter.

The signal/noise ratio (S/N ratio) was calculated by using
the fluorescence intensity with (as signal intensity) and
without (as noise intensity) amyloid samples at 540 and 480
nm for BO21 and ThT, respectively.

The apparent binding constant Kp of the interaction
between BO21 and amyloid species was quantified by
titrating BO21 (1 uM) with an increasing amount of amyloid
peptides (0-40 pM). Data were analyzed using the 1:1

1 - 1 1

t_FO B Fmax_F0+(Fmax_F0)KD[X}
F; is the fluorescence intensity during titration, F, is the
fluorescence intensity before titration, Fy,.x is the maximum
fluorescence intensity, [X] is the ligand concentration, and Kp,
is the equilibrium binding constant) and are means (+ SD) of
three binding curves. Each experiment was repeated at least
three times, and each sample was tested in triplicate.

binding model (F , where

Competition test between BO21 and ThT probes

20 uM amyloid peptides were incubated in PBS buffer for 2
days to ensure the formation of amyloid fibrils. For each well,
1 pL BO21 or ThT was added into the fibrillar amyloid
solution to reach the final concentration of 1 puM. The
fluorescence wavelengths were then recorded between 500
and 700 nm/450 and 650 nm with an excitation wavelength
of 470 nm (BO21)/450 nm (ThT) by using the kinetic top-read
mode of a SpectraMax M3 microplate reader (Molecular
Devices, CA, USA). To further compare the binding affinity
between BO21/ThT and amyloid fibrils, the fluorescence
intensity spectra were recorded before and after the addition
of another 1 pL ThT or BO21 to the BO21/ThT-binding
amyloid solutions. Each experiment was repeated at least
three times, and each sample was tested in triplicate.

Determination of detection limits of BO21 and ThT on
amyloid fibrils

1 pL luminogen (i.e., BO21 or ThT) was added to 200 pL
amyloid solutions (20 uM) to reach the final concentrations
of 0.01-1 uM and the fluorescence wavelengths were then
recorded between 500 and 700 nm/450 and 650 nm with an
excitation wavelength of 470 nm (BO21)/450 nm (ThT) by
using the kinetic top-read mode of a SpectraMax M3
microplate reader (Molecular Devices, CA, USA). The
detection limits (DLs) of BO21 or ThT for detecting amyloid
fibrils were estimated based on the 3J6/k method.

Cross-seeding studies by using the thioflavin T (ThT)
fluorescence assay

The amyloidosis kinetics of amyloid peptides were monitored
by using the ThT fluorescence assay. To determine the effect
of BO21 on monomeric amyloids, samples were prepared on
ice by co-incubating freshly prepared AB/hIAPP/hCT with 1-
80 uM BO21 and 10 uM ThT in Tris buffer. The aggregation
kinetics was then initiated at 37 °C and fluorescence intensity
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data were recorded consistently at 30 min intervals for 48 h.
For seeding experiments, a 5 pL BO21-DMSO (20/80 uM)
mixture was added into aggregating amyloid solution at 4,
10, 29, and 49 h and aggregation curves were monitored to
illustrate the cross-seeding between BO21 and seeded
amyloid peptides. The kinetic top-read mode of a SpectraMax
M3 microplate reader (Molecular Devices, CA, USA) with
excitation at 450 nm and emission in the range of 470 nm to
500 nm was used to monitor the ThT fluorescence.

Atomic force microscopy (AFM)

The morphology changes of amyloid peptides during
aggregation were imaged by using a Nanoscope III
multimode AFM (Veeco, NY, USA). Samples were prepared by
dissolving 20 pM amyloid peptides in DMSO and incubated
at 37 °C in the presence or absence of BO21 for 24 h. Then,
10 pL of the samples were deposited on a freshly cleaved
mica sheet for 5 min at room temperature, followed by
washing three times using Milli-Q water to remove salts and
loosely bound peptides and drying with air gas before use.
The cantilever resonance frequency was 45-95 kHz. The
images (256 pixels x 256 pixels) were captured using a scan
size of 5 pm. Representative AFM images were obtained by
scanning six different locations on the mica surface.

Circular dichroism spectroscopy (CD)

The secondary structure transition of AP aggregation was
monitored by far-UV CD spectroscopy with a J]-1500
spectropolarimeter (Jasco Inc., Japan) in continuous scanning
mode at room temperature. In brief, 20 uM amyloid peptides
were incubated at 37 °C in 10 mM phosphate-buffered saline
(PBS, pH 7.4) in the presence or absence of 5-80 uM BO21.
150 mL of samples were pipetted into a 1 mm optical path
length CD cuvette, and the spectra were scanned between 190
and 250 nm with a step size of 0.5 nm and a scan rate of 50
nm min ", in all CD measurements after each time interval.
To remove the background influence, all spectra were
analyzed by subtracting the PBS buffer baseline. The
secondary structural contents were determined by using the
Beta Structure Selection (BeStSel) algorithm®® (https://bestsel.
elte.hu/).

Cell culture

For the Ap and hCT systems, human SH-SY5Y neuroblastoma
cells (ATCC® CRL-2266TM, VA, USA) were used, while for the
hIAPP system, rat insulinoma cells RIN-m5F (ATCC® CRL-
11605TM, VA, USA) were selected. The SH-SY5Y cells were
cultured in sterile-filtered Eagle's minimum essential
medium (Sigma-Aldrich, MO, USA) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Similarly, the RIN-m5F cells were cultured in sterile-filtered
RPMI-1640 medium (Sigma-Aldrich, MO, USA) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. All the cells were maintained in a humidified
incubator with 5% CO, at 37 °C until cells reach 80%
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confluence. The cells were then harvested by using 0.25 mg
mL™" Trypsin/EDTA solution (Sigma Aldrich, MO, USA) and
seeded in a 96-well plate (2 x 10” cells per well).

MTT reduction assay

A colorimetric MTT metabolic activity assay was used to
determine cell viability. SH-SY5Y/RIN-m5F cells (2 x 10*
cells per well) were cultured in a 96-well plate at 37 °C
overnight. Then the cell culture medium was replaced by
fresh cell culture medium with freshly prepared amyloid
peptide/BO21/amyloid peptide-BO21 solutions and cultured
for another 24 h at 37 °C under 5% CO, in a humidified
incubator. After 24 hours, all suspension liquid was
removed, replaced by the MTT reagent (Invitrogen,
Carlsbad, CA) and incubated for another 4 h at 37 °C.
Finally, the resultant formazan crystals were dissolved in
dimethyl sulfoxide and the absorbance was measured at
540 nm using a microplate reader. Each sample was
repeated at least three times and the cell viability was
calculated in comparison with untreated cells.

Lactate dehydrogenase (LDH) cytotoxicity assay

The amyloid-induced cytotoxicity was further evaluated by
the LDH assay. The LDH release from the cytoplasm to the
medium caused by membrane leakage was measured as a
biomarker to quantify the cytotoxicity. The LDH assay was
performed using a CyQUANT™ LDH cytotoxicity assay kit
(Thermo Fisher Scientific, Waltham, USA). Briefly, 10 pL
sterile water and 10x lysis buffer solution were added to
each well as a positive and negative control, respectively,
and incubated for 45 min with 5% CO,. Then 50 uL of
medium from each well was transferred to a clean 96-well
plate, followed by adding 50 pL of reaction mixture, and
incubated for another 30 min in the dark. And finally, 50
pL of stop solution was added to each well and the
absorbance was measured at 490 nm and 680 nm by using
a SpectraMax M3 microplate reader. To determine the LDH
activity, the 680 nm absorbance value (background) was
subtracted from the 490 nm absorbance before calculation
of % cytotoxicity.

The % cytotoxicity was calculated by using the following
formula:

% cytotoxicity
_ (PG-1 treated LDH activity-spontaneous LDH activity
~ \_maximum LDH activity-spontaneous LDH activity

x100%

Each sample was repeated at least three times and the cell

viability was calculated in comparison with untreated cells.
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