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ABSTRACT: Dye-binding assays, such as those utilizing Congo red and
thioflavin T, are among the most widely used tools to probe the aggregation
of amyloidogenic biomolecules and for the evaluation of small molecule
inhibitors of amyloid aggregation and fibrillization. A number of recent
reports have indicated that these dye-binding assays could be prone to false
positive effects when assessing inhibitors’ potential toward Aβ peptides,
species involved in Alzheimer’s disease. Specifically, this review focuses on
the application of thioflavin T for determining the efficiency of small
molecule inhibitors of Aβ aggregation and addresses potential reasons that
might be associated with the false positive effects in an effort to increase
reliability of dye-binding assays.
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Amyloid is a general term for typically ordered, β-sheet rich,
often insoluble, misfolded protein aggregates that are

associated with certain pathological events. Amyloid β-proteins
(Aβ), which are implicated in the occurrence and progression
of Alzheimer’s disease (AD), are among the primary examples
of amyloids. AD is an age related cognitive disorder associated
with the decline of learning and memory brought on by a loss
of neuronal function, and is characterized by the formation of
neurofibrillary tangles and amyloid β-protein based deposits,
that is, plaques.1 Several hypotheses have been proposed
regarding the pathogenesis of the disease, which eventually
leads to neurodegeneration and other clinical manifestations,
such as memory impairment and confusion.2−4 This review,
however, will only deal with the so-called amyloid cascade
hypothesis that states that the accumulation of the amyloid
β-protein drives the occurrence and progression of AD.5−8 The
mechanism of the neurotoxicity associated with these peptides
is complex and the exact pathways remain to be elucidated.
However, it is known that one of the primary neurotoxic
species involves the 40−42 amino acid long Aβ, that is, Aβ1−
40 and Aβ1−42. Once formed from the cleavage of amyloid
precursor protein (APP) by the β- and γ-secretases, Aβ1−40
and Aβ1−42 undergo an aggregation process, which ultimately
leads to the insoluble aggregates and plaques.9−11 It has long
been suggested that these insoluble aggregates, that is, Aβ
fibrils, were the pathogenic culprits in AD.12 Yet, recent studies
have shown that soluble oligomeric aggregates are indeed
responsible for disruption of neuronal communication which
can lead to cell death.13−15 Additionally, the conformational
transition from a soluble unordered conformation to an
ordered β-sheet rich species is linked to this neurotoxicity.16−20

Inhibition, reversal, and reduction of the aggregation of the Aβ
peptides should constitute viable approaches to therapy and

represent a significant area of AD related research. However,
the nature of the soluble oligomers is complex and their recogni-
tion presents an enormous challenge21 and to date no cure has
been found.
Due to the accessibility and ease of modification, small mole-

cules with inhibitory ability on the oligomerization or other
self-assembly processes that lead to conformational changes
and/or the fibrillization of amyloid peptides should provide
viable leads for therapeutic intervention.22 A few representative
classes of known molecular inhibitors include polyphenols,
anthracyclines, benzothiazoles, lignans, phenothiazines, polyene
macrolides, rifamycins, steroids, terpenoids, porphyrins, and
camphors.23,24 In addition, these motifs might be applicable for
structural studies on protein folding, in general. Yet, it can be
argued that compounds that are capable of interacting with a
particular secondary structure and/or fold of the peptide and
peptide assemblies would be a suitable starting point for
understanding the behavior of both oligomeric and fibrillar
amyloid-like species. There are many compounds with diverse
structures and properties, which have been identified as having
inhibitory properties on some part of the aggregation process.
Inhibition could occur by stabilization of the monomeric or low
molecular weight oligomeric forms of the peptide and thus
decrease the rate of the conformational change to the β-sheet
structure,25 or by direct inhibition of the fibrillization process
which might happen independently.26
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From the chemical point of view, it is imperative to
unambiguously identify small molecules that could alter the
amyloid self-assembly. This review is not intended to indicate
whether the compounds mentioned herein are or are not
inhibitors of amyloid aggregation or fibrillization, but rather to
highlight the discrepancies that one might encounter when the
antiaggregation ability of a small molecule is evaluated by using
dye-binding assays.

■ DYE-BINDING ASSAYS TO EXAMINE AMYLOID
AGGREGATION

The use of small molecular probes (dyes) to monitor biological
processes is well established as fluorescent dye binding assays
have been used considerably for in vitro recognition of protein
misfolding,27,28 and have important, practical implications for
the understanding of the many human diseases that involve
protein aggregation. In particular, dye-binding assays are often
used to examine the amyloid self-assembly processes. Congo
red (CR) and thioflavin T (ThT), shown in Figure 1, are the

most commonly used dyes to study amyloid aggregation and
fibril formation.29−31 Upon binding to the peptide assemblies,
these dyes must exhibit distinct spectral properties (spectral
shift and/or intensity change) as compared to their unbound
state to be viable reporters of peptide aggregation processes.
Due to practical considerations, specifically the ease of

manipulation and high throughput screening possibilities, dye-
binding assays often serve as the initial test of antiaggregation
ability of small molecules. Primarily, two types of dye-binding
assays have been utilized: (i) the dye is continuously present in

the assay mixture (so-called continuous or in situ dye-binding
assays);32 (ii) the dye is added to an aliquot of the amyloid-
containing mixture at certain time intervals (so-called single
time-point dilution method).32 From the experimental point of
view, a typical assay is performed as follows: a given
concentration of the peptide is incubated with and without a
small molecule inhibitor in the presence or in the absence of
the dye. In the case of the single time−point dilution assay,
periodically, aliquots from peptide solutions are withdrawn and
a solution of the dye is added, incubated for a given period of
time. The corresponding spectra are measured and the
fluorescence intensities of the dye are plotted as a function of
time (Figure 2). Any deviation from the control sample along
the time scale (a), that is, peptide aggregation in the absence of
any additive, could be indicative of inhibition (b−d) or
acceleration (e) of the aggregation processes (Figure 2). The
corresponding compounds could be viewed as kinetic (W), as
thermodynamic and kinetic (X), or as ideal (Y) inhibitors of Aβ
aggregation, while compound Z will be a promoter of the Aβ
aggregation process.
Arguably, molecules that do not show any inhibition of Aβ

aggregation in such an assay (Figure 2) would not be con-
sidered for any subsequent testing. Conversely, those com-
pounds that show some inhibition will be scrutinized further,
and in many cases might not show a significant inhibitory ability
or may lack activity altogether. Therefore, the dye-binding assays
must be adapted for a given system to become unambiguous
and/or the potential pitfalls must be identified in a set of control
experiments. General aspects of both CR and ThT dyes, as ex-
amples of the most widely utilized dyes, and their use in the evalua-
tion of inhibitors of amyloid aggregation are presented in the
subsequent sections.

Congo Red. The use of CR (Figure 1) spectral shift assays
are routinely employed as a technique to quantify fibril content
and inhibitory ability of small molecules toward amyloids. On
the structural level, it is known that CR has two binding sites in
amyloid, parallel to the β-sheet and antiparallel to the β-sheet,
and the binding ratio may depend on the type of amyloid under
investigation.33−36 It should also be pointed out that computa-
tional studies could suggest alternative modes of CR binding to
amyloids,37−39 albeit caution should be exercised since some
important empirical components are usually not accounted for
in calculations. CR binding to the extensive β-sheet structures
results in an enhanced absorption as well as a bathochromic
shift in its absorption spectrum (from approximately 480 nm

Figure 1. Structures of UV/vis and fluorescent dyes used for
monitoring amyloid aggregation.

Figure 2. Schematic representation of the effect of small molecule inhibitors on the kinetics of amyloid aggregation using a fluorescent dye.
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unbound to 540 nm bound), which is accompanied by a change
in color from orange-red to rose and depends on the aggrega-
tion state of the proteins.30 Green birefringence in polarized
light (when crossed polarizers are used) is observed upon
binding to the fibrils and has been typically used as a qualitative
measure of fibril formation.27,31 On the other hand, analysis of
the absorption spectra of the unbound CR, fibrils, and the
bound CR can provide a quantification of fibril concentration.30

Considering that CR is known to form micelle-like assemblies
at concentrations above 5 μM, it was proposed that this dye
interacts with the fibrils much like a detergent40 and its inhibi-
tory ability may be related to its colloidal form.41

Several reports have demonstrated that CR is an inhibitor of
amyloid aggregation using a number of spectroscopic and
microscopic tools as well as cell culture studies.25,42,43 In some
cases, the inhibitory ability of small molecules is even compared
to CR, thus highlighting the potential complications of using
CR as a reporter dye in inhibition assays.44 Primarily, CR was
shown to stabilize the monomeric species, while disaggregating
larger oligomers.42 Not surprisingly, several compounds which
structurally resemble CR, such as RS-0406 (Figure 3)45 and

chrysamine G (Figure 3),30,46 have also been noted to be
inhibitors of amyloid β-protein aggregation. Interestingly, it has
also been shown that CR can disrupt ThT binding to Aβ,28,47

and these interactions between the dyes might be preventing an
accurate determination of Aβ quantitation.
On the contrary to the aforementioned inhibitory ability of

CR, a recent circular dichroism (CD) study demonstrated that
CR promoted both a β-sheet formation and peptide aggrega-
tion of Aβ1−40.40 This result complements other reports that
demonstrated CR’s ability to induce ordered, β-sheet-rich con-
formations in other amyloidogenic peptides.48 Despite con-
flicting reports, that is, whether CR is or is not an inhibitor of
Aβ aggregation, the utilization of CR as a reporter dye for the
evaluation of small molecule inhibitory ability on Aβ aggrega-
tion is questionable. Obviously, a reporter that affects the aggre-
gation of amyloids in any way would give results that might not
be precise for the small molecule and would require additional
experiments to differentiate the effects of the reporter versus
the small molecule.
Thioflavin T. The benzothiazole dye, ThT (Figure 1), is

widely used for the identification and quantification of amyloid
fibrils as well as for the exploration of fibrillization kinetics of
Aβ in the presence of small molecules using fluorescence.
Specific interactions of ThT with amyloid fibrils have been the
subject of numerous studies,49−51 although the exact binding
mechanism, stoichiometry, and binding location are still
debated and will not be reviewed here.
This dye is only weakly fluorescent in an aqueous environ-

ment, with excitation and emission maxima at approximately

350 and 440 nm, respectively. However, upon interacting with
β-sheet-rich amyloid fibrils, a bathochromic shift of both exci-
tation and emission maxima to 440 and 490 nm, respectively,
are observed. In general, an ca. 10-fold fluorescence enhance-
ment can be expected upon ThT binding to amyloid fibrils.
Emission at 490 nm is assumed to be directly proportional to
the quantity of amyloid fibrils present, and therefore, the
kinetics of fibril formation can easily be followed by measuring
the time-dependent increase in fluorescence. Conversely, a
reduction in the ThT fluorescence is often taken as an indica-
tion of inhibition of the macromolecular amyloid self-assembly
process.28,32 However, it was shown that in some cases even the
kinetics of the amyloid aggregation might not be unambigu-
ously accessed by ThT fluorescence.52 Specifically, after 8 h,
ThT fluorescence reached a plateau and remained unchanged
up to 30 h, which is indicative of a constant β-sheet content.
However, 2D IR measurements indicated that changes of the
β-sheet structure and content were taking place throughout a
24 h period.52 Similar to CR, ThT is also known to form micelles
at low a micromolar concentration range.32,53

It should also be pointed out that thioflavin S (ThS) is often
used as an alternative or a complement to ThT. However, con-
sidering the poorly defined nature of ThS (this is a mixture of
compounds which results from a reaction of dehydrothiotolui-
dine with sulfonic acid), as well as the high intrinsic fluore-
scence of ThS, it might not be the most suitable probe for
amyloid dye binding assays.
A number of other ThT-derivatives as well as other

ThT-inspired motifs have been prepared (Figure 4).54−57

Considering that their accessibility is limited as most require
multistep syntheses, ThT remains the fluorescent dye of choice.

■ INHERENT SHORTCOMINGS OF THE DYE-BINDING
ASSAYS

Arguably, CR- and ThT-based assays, under certain conditions,
might provide an unbiased view of Aβ assembly. However, the
situation is drastically complicated when these dyes are used to
assess the ability of small molecules to inhibit the amyloid
β-protein self-assembly processes. Despite wide utility, several
drawbacks are associated with the aforementioned dye-binding
assays. Primarily, ThT does not recognize soluble unordered
oligomers of amyloids (as evident from a characteristic lag
phase in the time-dependent studies), but mostly recognizes
the insoluble fibrillar aggregates in the β-sheet conforma-
tion.29,58−61 However, some reports indicate that ThT is able to
distinguish between oligomeric and fibrillar Aβ species.62−64

Figure 3. Structures of RS-0406 and chrysamine G.

Figure 4. Thioflavin T derivatives; R1, R2, R3 = substituents, X = N,
CH, n = 1, 2, etc.
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It was suggested that this contradiction originated from differ-
ences in the preparation methods for the Aβ oligomers.65

Upon interaction with the fibrillar aggregates, the spectral
properties of the dyes are influenced by a number of other
factors: (i) the presence of exogenous compounds;30,32 (ii) the
composition and properties of the media, such as pH, viscosity,
and so forth;31,66 and (iii) protein-to-dye ratios.67

It was suggested that an excess of the dye relative to the
peptides is required to ensure a reliable assessment of the
amyloid aggregation.29,31,68,69 Arguably, this could enhance the
competitive binding of the dye and inhibitor to the peptide.
It might also compromise the integrity of the amyloid self-
assembly and alter the aggregation profile. Some reports use
almost equimolar amounts, but ideally a substoichiometric
amount of the dye to peptide should neither perturb the
structure of the amyloid self-assembly nor interfere with the
amyloid−inhibitor interactions. Furthermore, another report
suggested that an excess of ThT can cause self-quenching of the
dye.67 It was shown that the ThT concentration accountable for
maximal binding fluorescence shifts to higher values with
increased amounts of amyloids, suggesting that amyloid to dye
ratios are critical to obtain an ideal binding signal and thus
special cautions are warranted for universal use.67

It should also be kept in mind that ThT spectral properties
depend on fibril morphology, pH, and ionic strength.66 Small
molecules might also disrupt the integrity of the amyloid self-
assembly as certain molecules have concentration dependent,
multiphasic behavior in the modulation of protein aggrega-
tion.26 Recent examples highlighted that conflicting results
about small molecule inhibitors might be due to differing
inhibitor concentrations70 or other experimental conditions
such as chemical purity or incubation time.71

Several accounts have suggested that CR and ThT dye-bind-
ing assays could be subject to false positive results,24,30,32,72−74

and a number of structurally and functionally diverse com-
pounds have been shown to reduce ThT fluorescence
without affecting amyloid fibril formation (Figure 5, a few

representative examples). However, the seeming simplicity
and high-throughput capabilities for carrying out the dye-
based assays are the strong driving forces behind the continued
use of the dye-binding assays as a first step in the evaluation
of the inhibitory ability of small molecules toward amyloid
aggregation.
In this light, it appears crucial to emphasize that dye binding

assays might be prone to false positive effects by discussing
some general considerations that are often overlooked in the
literature and by highlighting some representative examples of

small molecules which have generated a false positive in a dye-
binding assay.

■ EVALUATION OF SMALL MOLECULE INHIBITORS
OF AMYLOID β-PROTEIN AGGREGATION USING
DYE-BINDING ASSAYS

General Considerations of Dye−Small Molecule
Interactions. When assessing the ability of an inhibitor to
affect the aggregation and fibril formation processes of the
amyloid peptides, it is important to consider the effect of the
inhibitor on the fluorescence of the dye in the absence of the
peptide. Because both CR and ThT form micelles or micelle-
like assemblies at certain concentrations,32,39 it is plausible that
these assemblies of the dyes could interact with hydrophobic
small molecules, which may have an influence on the spectral
properties of the dyes themselves. It is of interest to note that,
at the concentrations often used to monitor the amyloid
β-protein fibrillization process (5−20 μM), ThT is able to form
micelles.32,53 In addition, it is worth pointing out that a
partitioning of an inhibitor into the dye micelles must be taken
into consideration since it would affect the effective inhibitor
concentration. These factors are often overlooked in the litera-
ture, but they may have an influence on the reported claims of
many inhibitory small molecules. Additionally, any compounds
to be tested for inhibitory properties should not have any
spectral activity in the same range as the dyes as it may cause
interference with the dyes’ responses.30,32

Another important aspect of dye-binding assays involves
competitive binding of the dye and the inhibitors to the
amyloidogenic peptides or proteins. If the potential inhibitor
binds at the same site of the peptide or protein as that of a dye,
the inhibitor will have to compete with the dye for the binding
site. This might lead to a less efficient binding of the dye to Aβ
aggregates and is likely to alter the intensity of the signal and as a
result, artifacts or false positives would be observed.30

The small molecule inhibitors presented in the subsequent
sections are diverse in structure, origin, and their effects on the
aggregation of amyloid β-protein and they have been the
subject of investigation of a number of different research
groups. The common theme is the use of ThT-binding assay to
evaluate amyloid aggregation inhibition. These examples are
not meant to be comprehensive but rather highlight represen-
tative cases in an effort to raise awareness about possible issues
in using dye-binding assays.

Curcumin. The inhibitory ability of curcumin (Figure 6)
toward Aβ peptides has been documented in an array of in vitro

and in vivo studies,70,75 albeit not without controversy.76 It has
also been described as a very strong inhibitor of a mutated,
scaffolded version of Aβ16−37 peptide.24

In regard to ThT, an initial study by Ono and co-workers
found curcumin to be an inhibitor of both Aβ1−40 and
Aβ1−42 fibril formation and accumulation as indicated by an
immediate decrease in ThT fluorescence upon addition of
curcumin to the mixture of ThT and Aβ.77 At all concentra-
tions tested (10−50 μM), curcumin caused a decrease in ThT

Figure 5. Some small molecules that alter ThT fluorescence but not
amyloid aggregation.

Figure 6. Structure of curcumin.
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fluorescence. It was also found that curcumin could destabilize
preformed Aβ fibrils.77

Similarly, Yang et al.44 found that curcumin inhibited Aβ1−40
aggregation, disaggregated fibrillar Aβ1−40, and prevented
Aβ1−42 oligomer formation and toxicity at concentrations
between 0.1 and 1.0 μM. This group acknowledged the spectro-
scopic overlap between curcumin and thioflavin derivatives and
thus investigated the inhibition of aggregation by curcumin
without the use of any dye-based assays.51 They also showed
that curcumin could stain amyloid plaques and could be used as
a fluorescent probe on its own, with a similar efficiency as
compared to ThS, but it was noted that ThS bound more
efficiently to the tangles than curcumin.51

On the contrary, Glabe and co-workers26 suggested that
curcumin was an oligomer-specific inhibitor (IC50 = 361.11 ±
38.91 μM) and did not inhibit fibril formation, while promot-
ing Aβ1−42 fibril formation when oligomers were present in
the reaction mixture in vitro at concentrations between 30 and
300 μM.26

Zovo et al.,73 developed a method to test aggregation and
fibrillization of Aβ and inhibitory ability of compounds on
fibrillization using MALDI-TOF-MS. The method is based on
quantifying the time-dependent decrease of Aβ1−42 monomer
in the presence of various inhibitors. Using this method, it was
shown that curcumin did not inhibit fibrillization, which con-
tradicts the results of the ThT assays.73 This group also showed
that, during the time-dependent increase of ThT fluorescence
kinetic curves, addition of curcumin did not affect the kinetic
constant of fibril formation.73

Curcumin is a fluorochrome and is known to become highly
fluorescent upon binding to hydrophobic regions of proteins
such as human and bovine serum albumins. Similar effects were
seen upon binding to model amyloid fibril-forming proteins,
such as RCMk-CN.32 It was shown that curcumin could affect
the fluorescence of ThT: below 10 μM, curcumin increased the
fluorescence of ThT, but in the range of 50−100 μM curcumin
caused a decrease in ThT fluorescence and a red-shift in the
emission spectra. The absorption spectrum of curcumin has a
maximum at 426 nm, which is near the excitation wavelength of
ThT (λex ≈ 440 nm). Upon excitation of a mixture containing
both the dye and the small molecule, possible inner filter effects
could occur. Rather than an indication of inhibitory ability of
the compound,32 the decrease of ThT fluorescence could
be explained by these spectroscopic effects, which ultimately
resulted in a false positive. Furthermore, steady-state fluores-
cence emission spectra of curcumin and protein mixtures were re-
corded with varying concentrations of curcumin (1−100 μM).
At higher concentrations, self-quenching was observed in addi-
tion to a red shift in the spectra, offering an additional explana-
tion to the false positive result from the ThT fluorescence assay.
Hence, curcumin would be able to affect the ThT fluorescence
spectra due to several spectroscopic issues, that is, its overlapping
absorption and own intrinsic fluorescence.32

It is arguable that evaluation of the inhibitory ability of
compounds that are structurally related to curcumin, such as
those shown in Figure 7,78 might also be prone to the same
spectral interference effects as those noted for curcumin itself.
Interestingly, a study by Kim et al.79 reported that curcumin

had the strongest inhibitory effect (IC50 = 0.25 μg/mL =
0.679 μM) on Aβ fibril formation of all tested compounds,
including curcuminoids, flavons, naphthoquinones, isoflavones,
and flavanones among others, tested in an in vitro assay
as judged by ThT assay. However, the inhibitory activity of

curcuminoids decreased in an in vivo experiment with HT22
murine neuroblastoma cells. Curcuminoids showed cytotoxicity
and no inhibitory effect of Aβ against the cells. Although it is
possible that the curcuminoids exhibit a different mode of
action in a cell culture assay, ThT assays are often the first
screen in determining the subsequent fate of the small molecule
inhibitor. This highlights the importance of control experiments
in the ThT assays, since the difference in inhibition propensity
between in vitro and in vivo experiments could be related to a
potential false positive result from the initial ThT assays. In
addition, the diversity of the conditions used by various
research groups arguably suggests that small changes might lead
to drastically different outcomes as it has been suggested that
“distinct experimental platforms (e.g., ThT, direct binding, etc.)
and subtle changes in handling (e.g. different buffers,
temperatures, time, etc.) may give rise to different outcomes.”78

In addition, an explanation for the false positive result in the
dye-binding assay based on spectroscopic features has been
offered.32

Quercetin. Quercetin (Figure 8) is a flavonoid, polyphenol
antioxidant found in many fruits, vegetables, Chinese herbs,80

and red wines, and it was suggested to attenuate the toxic
effects of amyloid peptides in several cell culture lines and
neurons.81,82 In addition, quercetin appeared to affect several
cellular pathways related to Aβ-induced neurotoxicity.83

It was also shown that pretreating primary hippocampal
cultures with small amounts of quercetin could reduce
Aβ1−42 cytotoxicity, protein oxidation, lipid peroxidation,
and apoptosis.84 It was also suggested that quercetin may
have some protective effects in vivo due to its antioxidant
ability.82,85 Furthermore, it was shown in a recent report that
quercetin could remodel Aβ1−42 oligomers based on the
results of dot blot assays.86 However, it should be mentioned
that no protective effects of quercetin were observed against
synapse damage induced by Aβ1−42.87 Furthermore, in
some other in vivo experiments, it was shown that, at 20 and
40 μM, quercetin was unable to reduce the amount of Aβ

Figure 7. Curcumin related compounds used for antiaggregation
studies.

Figure 8. Structure of quercetin.
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that was secreted in APP695 transfected HEK293 cells as
analyzed by Western blot and ELISA assay.88

Several in vitro spectroscopic studies also produced
controversial results. One report suggested that quercetin
could reduce Aβ25−35 aggregation and fibrillization by ThT
assays and electron microscopy. Ono et al. found that quercetin
had an EC50 on the order of 0.1−1 μM on the formation,
extension, and destabilization of Aβ1−40 and Aβ1−42 fibrils.68

Furthermore, another group showed by ThT assay that
quercetin had an inhibitory effect on Aβ1−42 fibril formation,
although a significant reduction in ThT fluorescence was only
seen upon incubation with 100 μM quercetin.71

By turbidity and ThT assays, it was suggested that, in
addition to the fibrillar aggregate, another aggregate was formed
in the presence of quercetin, but nevertheless quercetin was
suggested to be an inhibitor.80 Using ThT based assays, others
showed that quercetin had an IC50 of 2.4 μg/mL = 7.9 μM.79

Similarly, Hudson and co-workers observed a concentration-
dependent decrease of ThT fluorescence upon addition of
quercetin to ThT and RCMk-CN mixtures,32 and others
observed fibril inhibition of quercetin on RCMk-CN.89

However, Zovo and co-workers did not observe any inhibitory
ability of quercetin on fibril formation in the MALDI-TOF-MS
assay.73 The absorption spectrum of quercetin has a maximum
at 374 nm, which somewhat overlaps with the ThT absorption
spectra (unbound ThT maximum at 350 nm) and might
partially overlap with the emission of the bound ThT (emission
maximum at 440 nm). The proximity of the maxima could
allow for the possibility of inner filter effects, an alternative
explanation of the quenching of ThT fluorescence,32 but lack of
inhibitory ability on fibril formation.73

Basic Blue 41. Basic Blue 41 (BB41) (Figure 9) is a known
inhibitor of Aβ aggregation as assessed by several groups using

ThT based assays.24,68 In a study conducted by Zovo and co-
workers,73 the use of MALDI-TOF-MS was implemented and
the results were monitored in parallel with the ThT assay. It
appeared that the inhibitory constant value of BB41 as
determined by ThT analysis (IC50 = 0.1 μM) and the
MALDI-TOF-MS analysis (IC50 = 1.6 μM) differed substan-
tially. Furthermore, addition of BB41 in the ThT analysis
resulted in a fast and concentration dependent decrease in ThT
fluorescence, but it did not affect the kinetic constant of the
fibril growth. This could indicate a competitive displacement of
ThT from the fibrils or quenching of its fluorescence. It was
also shown that BB41 competes with ThT for binding to
insulin fibrils.72 However, because BB41 was shown to be a
somewhat effective inhibitor of fibrillization by MALDI-TOF-MS,
it could be that BB41 interferes with the fluorescence of ThT
and thus appears as a more effective inhibitor in ThT assays.73

However, in a related study, it was noted that although the
presence of BB41 did lower the fluorescence of ThT, no
reduction of the fibril formation was noted as compared to
the control.23

Amphotericin B. The polyene macrolide antibiotic
amphotericin B, AmB (Figure 10), was shown to bind to

fibril-like species of Aβ25−35 (Kd = 6.4 μM) as judged by a
red-shift in the AmB monomer absorbance, disassembly of
AmB oligomer, as well as the CR dye-binding assay.90,91 AmB
was found to bind directly and specifically to the fibrils and not
to monomeric, nonaggregated oligomeric forms of the Aβ as
indicated by a red-shift in its absorption spectra to ca. 420 nm
(AmB, in its monomeric form has maxima at 409, 385, 362, and
345 nm). Additionally, AmB was found to inhibit Aβ1−40 fibril
formation by ThS assay.23,91

However, AmB was shown to directly interact with CR.90

Nonetheless, it was demonstrated that, under the conditions
studied, this CR−Aβ interaction could be factored in, and the
inhibitory ability of AmB could still be validated.
On the other hand, it was demonstrated using CD that AmB

had no measurable impact on either the secondary structure or
on the time-dependent conformational transition of soluble
Aβ1−42 oligomers from unordered to ordered species.92

Although the inability of AmB to affect the aggregation process
of the oligomers does not necessarily imply that AmB cannot
inhibit the Aβ fibrillization process (especially considering the
differences in the conditions of the aggregation assays), the
inhibitory ability of AmB should be taken with caution.

β-Cyclodextrin. β-Cyclodextrin is a naturally occurring
and readily available cyclic glucopyranose heptamer (Figure 11).

β-Cyclodextrin was shown to reduce Aβ1−40 neurotoxicity
toward PC12 cell lines by ca. 40%.93 Importantly, toxicity of
Aβ1−40 and Aβ1−42 was reduced in rats via stereotactical
injection into the hippocampus.94 Subsequently, several reports
demonstrated inhibitory ability of β-cyclodextrin derivatives
toward the oligomerization and fibrillization of Aβ peptides
using dot-blot and Western-blot assays.95,96

Spectroscopic studies, on the other hand, created some con-
troversy. In regard to the dye-based assays, the ThT fluo-
rescence assays showed an appreciable inhibitory effect of

Figure 9. Structure of BB41.

Figure 10. Structure of AmB.

Figure 11. Structure of β-cyclodextrin.
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β-cyclodextrin on Aβ1−4097 and Aβ1−4226 fibril formation.
Yet application of other techniques, such as dynamic light
scattering (DLS), transmission electron microscopy (TEM),
and atomic force microscopy (AFM),26,97 strongly indicated
that significant fibril/oligomer formation still took place. It was
proposed that the β-cyclodextrin was likely to interfere with the
binding of ThT to the Aβ fibrils,26 especially considering a
recent report concerning ThT complexation with β-cyclo-
dextrin.98 Similarly, it was also shown that at a concentration
of 15 mM β-cyclodextrin could directly inhibit the binding of
CR to Aβ1−40 fibrils.93 The encapsulation of CR into the
β-cyclodextrin could be excluded, due to size mismatch.
Obviously, a direct inhibition of both amyloid β-protein fibril

formation91 and oligomerization95 might be considered as a
potential mechanism of β-cyclodextrin action. As a proof,
nuclear magnetic resonance (NMR) spectroscopy studies
indicated the ability of aromatic residues (F19, F20, and/or
Y10) in Aβ1−40 and a truncated version, Aβ12−28, interacted
with β-cyclodextrin, albeit with millimolar affinities.99,100

Furthermore, CD spectroscopy showed that β-cyclodextrin
could inhibit the transition from an unordered to ordered
conformation of Aβ12−28.99
It is of interest to note that a recent study indicated that

β-cyclodextrin could be a promoter of Aβ aggregation exactly
due to these interactions.101 Overall, the inhibitory ability of
β-cyclodextrin suggested by the dye-based assays toward amyloid
β-protein fibrillization reported in several accounts should be
taken with great caution.
Tetracycline. Tetracycline (Figure 12) is an anthracycline

that has been shown by several groups, using several different

methods, to have inhibitory properties on Aβ fibril forma-
tion.24,102 One report suggested that tetracycline could inhibit
the formation and extension, and even destabilize, preformed
fibrils of Aβ1−40 and Aβ1−42 with modest EC50's, that is, a
weak inhibitor, as determined by ThT assays.103

Using CD to follow the secondary structure transition of
Aβ1−42 during aggregation, Bartolini et al. showed that tetra-
cycline could slow down the conformational change of Aβ1−42
into the β-sheet,25 indicating an inhibitory effect of tetracycline
on Aβ fibril formation.
In a fluorometric ThT analysis, tetracycline decreased the

fluorescence of ThT by ca. 45%.25 Other reports suggest similar
effects by tetracycline on ThT fluorescene.102 However, in
another set of experiments, albeit under distinctly different
conditions, it was shown that tetracycline interferes with ThT
fluorescence.104 Using several NMR studies, Airoldi et al.
showed that tetracycline competes with ThT for binding to
Aβ1−40 and Aβ1−42 oligomers, thereby offering a possible
explanation for the fluorescence reduction in the ThT assay.104

This verifies the potential for small molecules to give false
positive results in the ThT dye binding assay and the mechan-
ism by which it decreases ThT fluorescence could be
overlooked if not complemented with additional experiments.

Resveratrol. Resveratrol, a diphenolic compound from
grapes (Figure 13), has been shown to have neuroprotective

ability against toxicity of amyloid β-proteins, such as Aβ25−35,
Aβ1−40, and Aβ1−42.105−107 It also showed some promising
results in some other in vivo experiments.88

ThT-based assay demonstrated that resveratrol is capable of
modulating the aggregation of Aβ1−42 peptides.108 These
results were consistent with the dot-blot, SDS-PAGE, and cell
toxicity studies. In addition, resveratrol was demonstrated to
drastically suppress the formation of fibrillar Aβ1−42 species in
a dose-dependent manner as judged by ThT-assay, albeit failing
to affect the formation of β-sheet rich Aβ-oligomers as
established by CD experiments.109

It should be pointed out that resveratrol was shown to be a
suitable amyloid binding dye on its own with a fluorescence
maxima at 395 nm and a shoulder at 440 nm in the presence of
amyloids.35 Similar to ThT, resveratrol exhibited sigmoidal
binding kinetics to amyloid aggregates. However, at 5 μM con-
centration of resveratrol, a significantly decreased ThT fluore-
scence was observed with fibrillar Aβ1−42 in a dilution ThT
assay, and it was suggested that resveratrol could be interacting
directly with ThT or competitively binding to the fibrils and
displacing ThT.32

Guanidiniocarbonyl Pyrrole-Based Inhibitors. In 2005,
Schmuck and co-workers reported the inhibition of Aβ1−40
and Aβ1−42 fibril formation by several guanidiniocarbonyl
pyrrole-based compounds (Figure 14) using CR and ThT dye

binding assays.110 Several compounds (1 and 2, Figure 14)
showed an inhibitory effect on fibril formation in the ThT assay
as well as a decreased fibril quantity in the CR assay. On the

Figure 12. Structure of tetracycline.

Figure 13. Structure of resveratrol.

Figure 14. Structures of guanidiniocarbonyl pyrrole-based inhibitors.
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other hand, pyrrole-containing tripeptide 3 showed no effect on
fibril formation in the ThT assay while demonstrating a sig-
nificant reduction in fibril formation in the CR assay. This
result appeared to be a false positive as the pyrroles likely
interfered with the binding of CR to the fibrils.110 Aside from
the value in developing amyloid inhibitors, this account is a
rare, but valuable, example that highlighted the idea of using

two dyes in the spectroscopic evaluation of the inhibitory ability
of small molecules. Arguably, two structurally different dyes are
likely to interact at two different sites of the amyloid assembly.
Hence, the probability that a small molecule inhibitor will
compete with the dyes for those two distinct sites is decreased.

Glycerol. Interestingly, common and structurally simple (as
compared to those described above) small molecules have also
been demonstrated to have some inhibitory capabilities on
amyloid formation. Not surprisingly, similar false positive effects
in the dye-binding assays are to be expected.
For example, Ryu and co-workers observed a 40% decrease of

the ThT fluorescence when 100 mM glycerol (Figure 15) was
tested as an inhibitor for Aβ1−42 fibril formation.111 However,
according to AFM analysis, the samples incubated with glycerol
had a high fibril content,111 which arguably suggested that the
reduction in ThT fluorescence was unrelated to formation of the
fibrils. In this case, it is possible that glycerol interferes with ThT
fibril binding and thus lowers the fluorescence without inhibiting
fibril formation.49

■ DYE-BINDING ASSAYS BEYOND Aβ PEPTIDES

The drawbacks of using dye-based assays as the initial deter-
mination of inhibitory ability of a compound are not limited to
Aβ peptides. In fact, several other studies involving other
amyloidogenic, fibril forming proteins showed similar issues
with the dye binding assays.
For example, L-arginine (L-Arg), up to 1.4 M, was shown to

dramatically reduce ThT fluorescence, but not fibrillation of
bovine serum albumin (BSA).74 L-Arg has no overlapping
emission with ThT, and thus, spectral interference could be
excluded. Upon examination of TEM images, no inhibition of
fibril formation by L-Arg was observed, indicating that L-Arg
most likely interferes with ThT binding to BSA.74

Similarly, it was shown that rifampicin (Figure 16) had an
effect on ThT fluorescence when bound to human islet amyloid
polypeptide (IAPP).112 Rifampicin lowered ThT fluorescence,
but TEM images revealed that it did not inhibit amyloid fibril
formation. The cause of this false positive could be spectro-
scopic in nature, as unoxidized rifampicin has a large absor-
bance at 483 nm.112

Figure 16. Structure of rifampicin.

Figure 17. Structure of baicalein.

Figure 18. Structure of DAPH.

Figure 15. Structure of glycerol.

Figure 19. Structures of Basic Blue 12 and tannic acid.
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Additionally, amyloid-like fibril formation was investigated
with merozoite surface protein 2 (MSP2), a GPI-anchored
protein expressed on the surface of Plasmodium falciparum
merozoites, which has proved to be a promising malaria vaccine
candidate.109 ThT binding assay resulted in a false positive by
suggesting inhibition of MSP2 fibril formation by flavonoids,
baicalein (Figure 17), and the previously discussed resveratrol
(Figure 13), as TEM images and CD revealed the formation of
protein aggregates and fibrils.113

Recently, disaggregation of β-lactoglobulin fibrils by 4,
5-dianilinophthalimide (DAPH) (Figure 18) was suggested
by ThT-based assay.114 However, the results of flow-induced
birefringence, rheological measurements, and EM indicated
the degree of fibrillization as well as the length of the fibrils
remained the same despite the treatment with DAPH, thus
arguably pointing to a false positive effect of the ThT measurement.
A recent account, on insulin fibrillization, demonstrated quench-

ing of ThT emission by several small molecules, including Basic

Blue 41 (Figure 9) and Basic Blue 12 (Figure 19), azure C
(Figure 5), and tannic acid (Figure 19), which may be
attributed to competitive binding of the small molecules and
ThT.72 In light of other reports describing of inhibition and
destabilization of Aβ fibrils by these compounds using ThT
based assays,103 these and previously mentioned examples of
false positive results with dye-binding assays illustrate that this
problem is not specific to a particular peptide or protein.

■ CONCLUSIONS
The search for potential inhibitors of amyloid fibril formation,
and protein aggregation in general, constitutes a practical and
viable therapeutic approach, but the dye-binding assays
commonly employed to investigate these events might lead
to false positive results and unnecessary detours.
As the aforementioned examples have demonstrated, numer-

ous controls are required to eliminate false positive effects when
employing dye-binding assays. Specifically, the possibility of
intrinsic fluorescence of the small molecule inhibitors to alter
the spectral response of the dye should be evaluated. Potential
interference from the media components, the concentrations of
the dye, inhibitor, and Aβ or other protein should also be con-
sidered. In addition, a possibility of a competitive binding
between the dye and inhibitor molecule should be assessed.
It is understood that the convenience (small quantities of

materials, high sensitivity, capabilities for high-throughput
screening, etc.) of using the dye-based methods is one of the
strongest driving forces behind a widespread utilization of these
assays for assessing aggregation propensity of biomolecules.
In this light, dye-free assays should be performed in parallel
as well. For example, surface plasmon resonance and quartz
microbalances,115 CD,25,92 DLS,13,92 as well as numerous forms
of microscopy116,117 have been used alongside the dye-binding
assays.118 However, it appears to be a common practice to
utilize different conditions (Aβ concentration, identity/
composition of the buffer, incubation times, etc.) for each
specific technique which hinders the development of suitable
rationales, correlations, and universal applications. NMR is a

Figure 20. BODIPY dyes that bind to amyloid oligomers and plaques.

Figure 21. Structures of Michler’s hydrol blue and Bis-ANS dyes.

Table 1. Effect of Curcumin on Fibrillization of Aβ1−40 and Aβ1−42 Peptides: Experimental Conditionsa

Ono et al.77 Yang et al.44 Necula et al.26 Zovo et al.73 Reinke et al.78 Kim et al.79

Aβ source Aβ-TFA salt Aβb Aβ-TFA saltc Aβ-HFIP film Aβ-HFIP film Aβe

initial [Aβ1−42 or Aβ1−40],
μM (media)

500 (0.02% NH3
in H2O)

231 (H2O) 2000 (0.1 M NaOH) 10−20 (0.02%
NH3 in H2O)

d
NR (DMSO) 250 (DMSO)

final [Aβ1−42], μM − − 45 5 25 25

final [Aβ1−40], μM 50 11.6 − − − −
aggregation buffer; pH 50 mM phosphate,

0.1 M NaCl; 7.5
0.1 M TBS, 0.02%
Tween 20; 7.4

10 mM HEPES, 0.1 M
NaCl, 0.02% NaN3; 7.4

20 mM HEPES,
0.1 M NaCl; 7.3

PBS (10%
DMSO); 7.4

PBS (10%
DMSO); NR

time of aggregation, h
(temp, °C)

0−192 (37) 144 (37) 96 (rt) 1 (rt) 46−48 (rt) NR

[curcumin], μM (stock in) 0.01, 0.1, 1, 10, 50
(DMSO)

0.125, 0.25, 0.5, 1,
2, 4, 8 (EtOH)

30−300 (DMSO) 5 (NR) 0.001−1000
(DMSO)

NR

assays used EM, ThT EM, ELISA turbidity, ELISA, ThT,
TEM

MS, ThT ThT ThT

ThT solution added to Aβ 50 mM glycine,
pH 8.5

0.1 M TBS, 0.02%
Tween 20; 7.4

10 mM HEPES, 0.1 M
NaCl, 0.02% NaN3; 7.4

20 mM HEPES,
0.1 M NaCl; 7.3

50 mM glycine,
pH 8.0

50 mM glycine,
pH 8.5

ThT (μM)/Aβ (μM) NR NA 2.8:3.5 3.3:5 4.8:1.2 3.8:6.3

inhibits fibrillization: +
+ + − − + +

does not inhibit fibrillization: −
aNR = not reported; NA = ThT assay was not used; rt = room temperature. bPurchased from C. Glabe lab. cFibrillization conditions; for details, see
ref 24. dAggregation is induced by the addition of 2−10% (v/v) Aβ1−42 fibrillar seed, which was prepared as follows: 5 mM Aβ1−42 in 20 mM
HEPES, 0.1 M NaCl, pH 7.3, stirred at rt for 1 h. ePurchased from BaChem California Inc.; HCl salt and neutral Aβ1−42 are sold; the exact one
is NR.
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powerful tool in assessing the structure of amyloid species and
the inhibitory ability of small molecules;119,120 however, higher
concentrations and/or isotope labeling are required for these
experiments.
Also, 2D IR might be a viable, sensitive technique for access-

ing the amyloid structure and potentially the effect of inhibitors
on the amyloid self-assembly.52,121 Although, isotope labeling is
required, which might pose some experimental constrains.
Another alternative to avoid false positive effects would be

the use of more than one dye, with drastically different struc-
tural and spectral properties.110 Arguably, structurally diverse
dyes are more likely to interact with different parts of the Aβ
aggregates, and therefore, the interference with the inhibitor
binding could be minimized. Although, this approach is far
from being ideal since difference in structure might not
necessarily result in a difference in the binding mode. However,
a discrepancy between the two binding assays would likely
promote a more thorough investigation. Overall, this highlights
the need for the development of novel dyes with a greater
scope for structural modification. Several recent reports sug-
gested that BODIPY dyes have the ability to recognize oligo-
meric and fibrillar amyloid assemblies (Figure 20).122−124

Considering that modification of the BODIPY scaffolds can be
done in a facile and modular manner, these new BODIPY-based
fluorescent probes might offer a viable alternative to the currently
employed dyes.
In addition, Michler’s hydrol blue (Figure 21) was recently

shown to be more sensitive to environmental changes than
ThT, as it even allowed for the differentiation between insulin
and lysozyme fibrils.125 Also, Bis-ANS (Figure 21) has been
shown to bind to oligomers and fibrils of Aβ1−42.126
Finally, there might also be a need to reconcile the existing

protocols for using the dyes in assessing the ability of small
molecules to affect aggregation of Aβ1−40 and Aβ1−42 pep-
tides. As a representative case, Table 1 provides a brief sum-
mary of several studies on curcumin−amyloid β-protein inter-
actions, in an attempt to demonstrate the contrasting conditions
as potential reasons for contradicting results. Arguably, a great
number of procedures for Aβ aggregation and dye assays, which
are seemingly similar to each other, have enough small
differences, which preclude comparisons and generalizations
that are required for the development of efficient anti-Alzheimer’s
remedies.
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