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Abstract The studies on the determination of the character-
istics of the amyloid fibril interaction with the dye were
based on the analysis of the dependence of the ThT fluores-
cence intensity on its concentration in the solution contain-
ing the amyloid fibrils. In the present work, we revealed that
this intuitive approach provided erroneous data. We propose
a new approach which provides a means for characterizing
the interaction of thioflavin T (ThT) with amyloid fibrils and
for determining the binding stoichiometry and binding con-
stants, absorption spectrum, molar extinction coefficient,
and fluorescence quantum yield of the ThT bound to the
sites of different binding modes of fibrils. The key point of
this approach is sample preparation by equilibrium micro-
dialysis. The efficiency of the proposed approach is demon-
strated via the examination of the ThT binding to insulin and
Aβ42 fibrils as well as to the native form of the
Electrophorus electricus acetylcholinesterase. We show that
the peculiarities of ThT interaction with amyloid fibrils

depend on the amyloidogenic protein and on the binding
mode. This approach is universal and can be used for the
analysis of binding mechanism of any dye that interacts with
its receptor. Therefore, the proposed approach represents an
important addition to the existing arsenal of means for the
diagnostics and therapy of the neurodegenerative diseases.

Keywords Thioflavin T . Dye binding . Fluorescence
quantum yield . Equilibriummicrodialysis . Binding
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Acetylcholinesterase

Amyloid fibril deposition accompanies several deleterious
maladies, such as Alzheimer’s and Parkinson’s diseases,
type II diabetes, and prion diseases [1, 2]. Due to character-
istic changes in the fluorescence intensity of the benzothia-
zole dye thioflavin T (ThT) is frequently used to probe the
amyloid fibrils. This approach is based on the unique capa-
bility of this dye to form highly fluorescent complexes with
amyloid and amyloid-like fibrils [3–5].

The significant increase in the ThT fluorescence intensity
in the presence of amyloid fibrils defines the natural inten-
tion of the researchers to use this phenomenon as a conve-
nient tool for the characterization of the peculiarities of the
ThT interaction with amyloid fibrils (such as the binding
constants and binding stoichiometry, number and type of
binding sites, number of binding modes, etc.). However, the
values of fluorescence intensity of ThT bound to amyloid
fibrils formed by different amyloidogenic proteins differ
significantly [6, 7]. The cause of this difference is still
unclear. It can be determined by the significant difference
in the corresponding binding constants and/or by the differ-
ent fluorescence quantum yields of ThT bound to different
amyloid fibrils. Since the fluorescence quantum yield of
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ThT in aqueous solution is very low (about 0.0001 [8]), the
suggestion that the ThT fluorescence quantum yield
increases due to the incorporation of ThT into the amyloid
fibril is practically always reasonable. It is obvious that a
method for the accurate determination of the fluorescence
quantum yield of ThT bound to fibrils is needed. However,
until very recently, there were no data on the fluorescence
quantum yield of this dye incorporated into amyloid fibrils.

For the first time, such data were obtained for the ThT
bound to lysozyme amyloid fibrils which contained sites
with different binding modes [9]. Apparently, the lack of
data on the fluorescence quantum yield of ThT incorporated
into the amyloid fibrils is caused by the fact that the aqueous
solutions of ThT in the presence of amyloid fibrils represent
a mixture of free and fibril-bound dye, but the accurate
evaluation of the concentration of free (bound) dye
remained an unsolved issue until recently. The attempt to
characterize ThT bound to fibrils was done in several dozens
of works, as reviewed by Groenning [10].

Previous studies on the determination of the characteristics
of the amyloid fibril interaction with the dye were based on the
analysis of the dependence of the ThT fluorescence intensity
on its concentration in the solution containing the amyloid
fibrils. In the present work, we revealed that this intuitive
approach provides erroneous data. The accurate characteriza-
tion of the dye–fibril interaction can be done using equilibri-
um microdialysis, a method that was specially designed for
the analysis of the small molecule binding to proteins (see e.g.,
[11]). Surprisingly, this approach was never used for the
characterization of ThT binding to amyloid fibrils until now.
We also show that samples prepared by this method can be
used for the determination of the absorption spectrum of
bound dye and for accurate evaluation of the fluorescence
quantum yield of ThT bound to fibrils. This became possible
after we showed that the recorded fluorescence intensity can
be corrected by a factor that depends only on the total optical
density of solution and normalized in the units of the product
of optical density and fluorescence quantum yield or the sum
of such products if there are several modes of the ThT binding
to fibrils.

Experimental Procedures

ThT from Sigma (USA) and Fluka (Switzerland) was used
after purification by crystallization from a mixture of aceto-
nitrile with ethanol in a 3:1 ratio [12]. ThT “UltraPure
Grade” from AnaSpec (USA) was used without additional
purification. ThT was dissolved in 2 mM Tris–HCl and 150
mM NaCl buffer (pH 7.7). Fluorescent dye ATTO-425 from
ATTO-TEC (Germany); Electrophorus electricus acetylcho-
linesterase (AChE), insulin, and buffer components from
Sigma (USA); and Aβ42 peptide from GL Biochem Ltd.

(Shanghai, China) were used without additional purifica-
tion. Insulin amyloid fibrils were produced by the incuba-
tion of 10 mg insulin in 1 mL 20 % acetic acid solution in
the presence of 100 mM NaCl (pH 2.0) at 37°C at constant
stirring [13]. Aβ42 fibrils were prepared by stirring Aβ42
peptide (2 mg/mL) in 50 % hexafluoro-2-propanol (HFIP)/
H2O and 0.02 % sodium azide for 7 days. Afterwards, the
HFIP was evaporated under a stream of nitrogen, and the
sample was stirred for an additional 7 days [14]. AChE was
dissolved in 1 mL 40 mM sodium phosphate buffer at pH
7.0 [15]. Protein concentration was 1.53 mg/mL.

Fluorescence measurements were performed with a
homemade spectrofluorimeter [16] and a Cary Eclipse spec-
trofluorimeter (Varian, Australia). The solution of fluores-
cent dye ATTO-425 in PBS, whose fluorescence and
absorption spectra are similar to that of ThT, was taken as
a reference for determining the fluorescence quantum yield
of ThT bound to fibrils. Fluorescence of ThT and ATTO-425
was excited at 435 nm and recorded at 480 nm. The spectral
slits width was 10 nm in most of experiments. Change of the
spectral slits’ width did not influence the experimental
results. The fluorescence quantum yield of ATTO-425 is
0.9 (ATTO-TEC catalog 2009/2010 p 14).

Equilibrium microdialysis was performed with a Harvard
Apparatus/Amika (USA) device, which consists of two
chambers (500 μL each) separated by a membrane (MWCO
10,000) impermeable to particles larger than 10,000 Da.
Equilibrium microdialysis implies allocation of two interact-
ing agents, a ligand and receptor, in two chambers (#2 and #1,
respectively) divided by a membrane permeable to the ligand
and impermeable to the receptor (Fig. 1). In our case, the
amyloid fibrils in their buffer solutions were placed in cham-
ber #1. The concentration of fibrils in terms of amyloidogenic
protein concentration was 0.4 and 0.6 mg/mL for insulin and
Aβ42 peptide, respectively. A twofold increase or decrease in
fibril concentration did not influence the final results. The
ThT solution (in the same buffer as the fibrils placed in
chamber #1) with an initial concentration C0, was placed in
chamber #2. After equilibration, the free ThT concentrations
in chambers #1 and #2 were equal (Cf), while the total ThT
concentration in chamber #1 was greater than that in chamber
#2 by the concentration of the bound dye (Cb):

Cb ¼ C0 � 2Cf ð1Þ

For performing equilibrium microdialysis, the devices
were set on a rocking bar in a thermostatted box for 48 h.
All experiments were performed at 23°C. In the test experi-
ments, we put a solution of ThT of concentration C0 in
chamber #2 and the solvent in chamber #1. After 20 h of
dialysis, the absorption spectra of samples from chambers
#1 and #2 coincide (D(λ)#1 0 D(λ)#2). This means that 24 h
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is enough time to allow the dye to equilibrate between
chambers #1 and #2. The optical densities of bound dye
were determined as described previously [17]. The absorp-
tion spectrum of the solution in chamber #1 represents the
superposition of the absorption spectra of free ThT in a
concentration Cf, ThT bound to fibrils in a concentration
Cb (Db(λ)), and the apparent absorption determined by light
scattered by the fibrils (Dscat(λ)). The dependence of appar-
ent optical density, determined by fibril light scattering, on λ
was determined by equation: Dscat 0 aλ−m. Coefficients a and
m were determined from the linear part of the dependence D
(λ)#1, where there is no active dye absorption plotted in
logarithmical coordinates lg(Dscat) 0 f(lg(λ)). The absorption
spectra of ThT incorporated into amyloid fibrils was deter-
mined from the equation Db(λ) 0 D(λ)#1 − D(λ)scat − D(λ)#2
(Fig. 2). The absorption spectra were recorded by spectropho-
tometer U-3900 H (Hitachi, Japan).

Results

All the experiments were done using the solutions prepared
by equilibrium microdialysis as described in “Experimental
Procedures”. This is a key point of the work since ThT
solutions in the presence of amyloid fibrils always con-
tain molecules of free dye, and only equilibrium

microdialysis can give a valid set of samples for accurate
analysis: the sample solution and the true reference solution
to it. For each target amyloid fibril, the equilibrium micro-
dialysis was repeated several times using different input con-
centrations of ThT. As a result, a large set of solutions with
different ThT concentrations was prepared. For each solution,
both the absorption spectrum and the fluorescence intensity
were recorded. Then obtained experimental data were used
for the determination of the ThT–amyloid fibril binding
parameters and for the retrieval of the absorption spectrum
and the fluorescence quantum yield of ThT bound to fibrils.

Amyloid Fibril–ThT Binding Parameters

If all the ThT binding sites in a target amyloid fibril are
identical and independent, then the binding constant of the
dye to the amyloid fibril (Kb) is determined as the ratio of
the ligand–receptor complex concentration (Cb) to the prod-
uct of the free receptor (nCp–Cb) and the free ligand (Cf)
concentrations:

Kb ¼ Cb

nCp � Cb

� �
Cf

ð2Þ

Fig. 1 Principle of equilibrium microdialysis experiment. Device for
equilibrium microdialysis represents two chambers (#2 and #1) divided
by a membrane permeable to the ligand and impermeable to the receptor.
In equilibrium microdialysis experiment, amyloid fibrils in the buffer
solution are placed in chamber #1 (concentration of fibrils in terms of
amyloidogenic protein concentration is Cp) and the ThT solution in the
same buffer is placed in chamber #2 (in concentration C0). After equili-
bration, the concentration of free ThT in chambers #1 and #2 become
equal (Cf), while the total ThT concentration in chamber #1 become
greater than that in chamber #2 by the concentration of the bound dye
(Cb): Cb 0 C0 − 2Cf. Solution in chamber #2 represents the true reference
solution for the sample in chamber #1 for spectrophotometric determina-
tion of absorption spectrum of dye bound to fibrils
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Fig. 2 Absorption spectra of ThT incorporated in the Aβ42 fibrils.
Curves 1 and 2 represent absorption spectra of ThT in chamber #1 (free
ThT at concentration Cf) and in chamber #2 (superposition of the absorp-
tion spectra of free ThT in concentration Cf, ThT bound to fibrils in
concentration Cb, and the apparent absorption caused by the light scat-
tering) after the equilibrium attainment. Curve 3 represents optical density
determined by the fibril light scattering as calculated by the equation
Dscat 0 aλ−m. Coefficients a andmwere determined from the linear part of
the curve 2 (where there is no active dye absorption) plotted in logarith-
mic coordinates lg(Dscat) 0 f(lg(λ)) (see insert, curve 3). Curve 4 repre-
sents the total absorption of free and bound dyes after light scattering
subtraction (D(λ)#2 − Dscat). Curve 5 is the absorption spectra of
ThT incorporated in the amyloid fibrils evaluated as Db(λ) 0 D(λ)#2 −
D(λ)scat − D(λ)#1 (the difference between the spectra 4 and 1). Curve 6 is
the absorption spectrum of the free dye at the concentration equal to that of
bound dye (D(λ)0 − 2D(λ)#1). This curve allows for the evaluation of the
change in the molar extinction coefficient of ThT when bound to fibrils
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This means that the dependence of the bound dye con-
centration on the free dye concentration in solution follows a
saturation curve:

Cb ¼ nCpCf

Kd þ Cf
: ð3Þ

Formerly, other presentations were predominantly popu-
lar. The advantage of such presentations is that they linear-
ize the dependence of Cb on Cf, which is a crucial step for
the manual determination of binding parameters. Among
those representations was the Scatchard plot:

Cb

Cp

� �
Cf= ¼ nKb � Kb

Cb

Cp

� �
ð4Þ

and the Klots plot:

1

Cb
¼ 1

nCp
þ Kd

nCp

1

Cf
ð5Þ

Here, Kd 0 1/Kb is the dissociation constant. Based on
Eqs. (1) and (2), the dependence of the concentration of
bound dye (Cb) on the input dye concentration (C0) can be
calculated as:

Cb ¼
2þ KbnCp þ KbC0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ KbnCp þ KbC0

� �2 � 4K2
bnCpC0

q
2Kb

ð6Þ
The value of the binding constant, Kb, and the number of

dye binding sites on the fibrils in terms of the protein concen-
tration, n, can be determined on the basis of the experimental
dependence of Cb on C0 (or Cf) by nonlinear regression using
appropriate software, e.g., SigmaPlot or GraphPad Prism. Data
obtained for AChE could be well described in the frame of the
model when all binding sites are identical and independent
(i.e., when the interaction process is described by one biding
mode) (Fig. 3). This result was quite natural for AChE, which
is known to have a single binding site for ThT (n01) [15].

The failure to find appropriate parameters means that the
chosen model does not correspond to the experimental data.
In particular, this mismatch can be attributed to the existence
of two or more binding modes (i) with different binding

constants (Kbi). In this case, the binding sites are assumed to
be independent from each other, Cb ¼

P
i
Cbi , while Cbi is

characterized by the equations similar to those in Eq. (3).
Thus, in the case of i independent modes, we have:

Cb ¼
X
i

niCpCf

Kdi þ Cf
ð7Þ

Importantly, in the case of two or more binding modes,
the Cbi values will not be connected with C0 by a simple
equation similar to Eq. (6).

The nonlinear dependence of Cb on Cf in Scatchard
coordinates obtained for ThT binding to insulin and Aβ42
fibrils (Fig. 3), and the failure of Eqs. (2) and (3) to describe
the experimental data, suggests that the amyloid fibrils
formed by insulin have two or more binding modes. To
adequately describe the experimental data, a value of i02
was assumed, and the values of Kbi and ni were found by
fitting the data to Eq. (7) using the GraphPad Prism 5
software. These values are given in Table 1.

Molar Extinction Coefficient of ThT Bound to Amyloid
Fibrils

The absorption spectra of solutions obtained for the target
objects by the equilibrium microdialysis were recorded. The
absorption spectra of ThT bound to amyloid fibrils and
AChE were obtained as described in “Experimental
Procedures”. In the case of one binding mode, the measured
absorption spectrum can easily be presented in the units of
the molar extinction coefficient:

"b lð Þ ¼ Db lð Þ
Cbl

ð8Þ

In the case of two binding modes, the following equation
is true:

Db lð Þ ¼ Db1 þ Db2 ¼ "b1 lð ÞCb1l þ "b2 lð ÞCb2l ð9Þ
Here, εb1(λ) and εb2(λ) correspond to the molar extinc-

tion coefficients of ThT bound to the binding sites of the
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Fig. 3 Scatchard plots for ThT
interaction with insulin (left
panel) and Aβ42 (right panel)
fibrils. Experimental data
(circles) and best fit curve with
binding constants (Kbi) and
number of binding sites (ni) are
given on the panels
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modes 1 and 2 at wavelength λ. The values of Cb1 and Cb2

were determined using Eq. (7) for samples obtained in each
equilibrium microdialysis experiment. Figure 4a represents
the concentration of ThT, bound with amyloid fibrils as su-
perposition of the concentrations of the dye bound to modes 1
and 2. A large set of the Db(λ), Cb1, and Cb2 values was
obtained as a result of the multiple repeats of the equilibrium
microdialysis experiments. The εb1(λ) and εb2(λ) values can
be determined using the known values of Db(λ), Cb1, and Cb2

by multiple linear regressions (e.g., using SigmaPlot). The
εb1(λ) and εb2(λ) values at the wavelength of fluorescence
excitation (435 nm) and at the wavelength of the maximum of
bound Th absorption spectrum are given in Table 1.

Similarly, the values of εb1 and εb1 can be determined at the
other wavelengths. Figure 4 shows the absorption spectra of
the dye bound to the sites of each of two binding modes of
insulin and Aβ42 fibrils in units of the molar extinction
coefficient. These data show that the molar extinction coeffi-
cient of ThT bound to fibrils can depend on the binding mode
and can be significantly greater than the molar extinction
coefficient evaluated for the free dye in solution (Table 1).

Figure 4c represents the optical density of ThT bound to
amyloid fibrils as superposition of optical densities of the
dye bound in modes 1 and 2.

Fluorescence Quantum Yield of ThT Bound to Fibrils

For determining the fluorescence quantum yield of ThT
bound to amyloid fibrils, the fluorescence intensity was
recorded for ThT solution in the presence of amyloid fibrils.
Importantly, in these experiments we used the same
microdialysis-obtained solutions for which the amyloid fi-
bril–ThT binding parameters (i, n, and Kbi) and the absorp-
tion spectrum of the bound dye were determined earlier. As
these solutions were prepared for different ThT initial concen-
trations in chamber #2, the dependence of the fluorescence
intensity of bound to fibrils dye on optical density was con-
structed: IThT 0 f(Db).

At the same time, the fluorescence intensity of the solutions
of the different concentrations of ATTO-425 was recorded,
and the IATTO 0 f(DATTO) dependence was plotted. This fluo-
rescent dye was chosen as a standardwith known fluorescence
quantum yield, since its spectral characteristics (the position
of the long wavelength band of absorption spectrum and the
fluorescence spectrum position) are similar to those of free
ThT in viscous solutions and ThT bound to amyloid fibrils.

The solution of ThT in the presence of amyloid fibrils,
which have identical and independent binding sites (i.e., are
characterized by one binding mode), is a two-component
system in which one component, the free ThT unbound to
fibrils, absorbs the excitation light (optical density, Df) but
does not fluoresce, whereas the other component, the ThT
bound to fibrils, absorbs the excitation light (optical density,
Db) and fluoresces (quantum yield, qb). Therefore:

IThT ¼ kI0 1� 10� DbþDfð Þ
� � Db

Db þ Df
� qb

¼ kI0
1� 10� DbþDfð Þ

Db þ Df
Db � qb ð10Þ

Here, I0 is the intensity of the excitation light, k is the
proportionality coefficient, and Db + Df is the total optical
density of solution.

If all the binding sites of ThT to fibrils are independent of
each other but can be divided into several groups (binding
modes) characterized by different binding constants, differ-
ent binding stoichiometry or different properties of the
bound dye (its absorption spectrum, molar extinction coef-
ficient, or fluorescent quantum yield), then Eq. (10) should
be rewritten as follows:

IThT ¼ kI0
1� 10� DbþDfð Þ

Db þ Df
Db1qb1 þ Db2qb2ð Þ ð11Þ

For simplicity of the presentation, Eq. (11) is given
for the case of two binding modes (i02). For a standard

Table 1 Characteristics of ThT
bound to amyloid fibrils, acetyl-
cholinesterase, and free dye in
water solution

Object λmax
(nm)

Mode εbi,max×10
−4

(M−1 cm−1)
εbi,435×10

−4

(M−1 cm−1)
Kbi×10

−5

(M−1)
ni qi

Insulin fibrils 450 1 8.7 5.7 200 0.01 0.83

2 3.5 2.6 1.2 0.08 0.30

Lysozyme fibrils [17] 449 1 5.1 3.7 75 0.11 0.44 [9]

2 6.7 5.8 0.56 0.24 0.0005 [9]

Aβ42 fibrils 440 1 8.3 8.0 23.80 0.01 0.19

2 1.8 1.7 0.25 0.21 0.02

Acetylcholinesterase 420 1 2.4 1.9 0.082 1.1 0.036

Thioflavin T in aqueous
solution [8]

412 – 3.2 2.0 – – 0.0001
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solution (a solution of the fluorescent dye with known
quantum yield, which in our case is the ATTO-425
solution), the equation for fluorescence intensity will
be as follows:

IATTO ¼ kI0
1� 10�DATTO

DATTO
DATTO � qATTO ð12Þ

In this case, the total optical density of the solution
coincides with the optical density of the fluorescent dye.
Thus, in the equation for fluorescence intensity three factors
can be marked out:

1. The kI0 factor which depends only on the device used in
the experiment. This factor is determined by the inten-
sity of the excitation light, the fluorescence excitation
wavelength, the fluorescence registration wavelength,
the spectral slits width of the monochromators in the
excitation and registration pathways, the photodetector
sensitivity, and the peculiarities of signal amplification.
Fluorescence intensity is recorded in arbitrary units.

2. The Wcalc ¼ 1�10�DΣ

DΣ
factor which is determined by the

total optical density (DΣ) of solution (at λ 0 λex) and
does not depend on the contribution of fluorescent and
nonfluorescent components of solution to the total ab-
sorbance. The calculated dependence of this factor on

the total optical density of solution Wcalc 0 f(DΣ) is
given in Fig. 5a.

The experimental dependence of fluorescence inten-
sity on the optical density of the fluorescent substance
can differ from the calculated one (Fig. 5b). The fact
that the recorded fluorescence intensity begins to de-
crease with an increase in the fluorescent substance
content, after reaching some value of optical density, is
a general property of such dependences and does not
indicate the existence of self-quenching or dye aggre-
gation, as it has been frequently suggested (see e.g.,
[18–20]). In reality, this effect is determined by an
increased absorption of excitation light by the solution
layers adjacent to the front wall of the spectrofluorime-
ter cell due to the increase in the total optical density of
the solution. The detection system of the spectrofluo-
rimeter “sees” only the central part of the cell, which is
reached by a respectively smaller amount of excitation
light. Because of this effect, the recorded fluorescence
intensity begins to diminish after the optical density
reaches a certain value. The effects discussed above
depend on the particular instrument used in the experi-
ment and must be taken into account. This can be
performed by replacing Wcalc with an experimentally
determined value W.
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Fig. 4 Determination of the
absorption spectra of ThT
bound to insulin (left panels)
and Aβ42 (right panels) fibrils.
a Concentration of ThT, bound
with amyloid fibrils (Cb),
as superposition of the
concentrations of the dye bound
to the sites of modes 1 (Cb1) and
2 (Cb2). b Absorption spectra of
ThT, bound to the sites of
modes 1 and 2 in the units of
the molar extinction coefficient.
c Optical density of ThT
bound to amyloid fibrils as
superposition of optical densities
of the dye bound to the sites of
modes 1 (Db1) and 2 (Db2)
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The measurement of ATTO-425 fluorescence inten-
sity at different optical density gives an opportunity to
determine the dependence of W on total optical density
(Fig. 5a) and to choose the normalization coefficient kI0
in order to correct the fluorescence intensity for the total
optical density of solution and to normalize it in the
units of the product of optical density and fluorescence
quantum yield:

kI0W ¼ IATTO
DATTO � qATTO ð13Þ

In fact, kI0 must be chosen so that W → Wcalc at
DATTO → 0. In this case, the normalized and corrected
fluorescence intensities of ATTO-425 (IATTO,0) will be
defined as:

IATTO;0 ¼ DATTO � qATTO ð14Þ
3. The third factor is the product of optical density and

quantum yield of the fluorescent component (in the case
of one binding mode) or the sum of the products (in the
case of several binding modes). This factor is the only

informative element, which bears information on the
properties of the fluorescent component(s) in solution.
In this case, Eqs. (10) and (11) for normalized and
corrected fluorescence intensities (IThT,0), respectively,
will be as follows:

IThT;0 ¼ Db � qb ð15Þ

IThT;0 ¼ Db1qb1 þ Db2qb2 ð16Þ

Figure 5 represents the dependencies of the ATTO-425
and ThT fluorescence intensities before correction for the total
optical density of solution (IATTO/kI0 and IThT/kI0) and after
the corresponding correction (IATTO,0 and IThT,0) in the pres-
ence of insulin and Aβ42 fibrils. For ATTO-425, the slope of
the curve is equal to the qATTO value. The curves for ThT in
the presence of insulin and Aβ42 fibrils are not linear because
these fibrils have (at least) two different binding modes of
ThT. In this case, the fluorescence quantum yields of ThT
bound to the sites of different binding modes can be deter-
mined by multiple linear regressions on the basis of
Eq. (16), in which the sets of the values IThT,0, Db1, and Db2
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are obtained for solutions prepared by equilibrium microdial-
ysis at different initial ThT concentration, and where the Db1

and Db2 values are obtained on the basis of Cb1, Cb2, εb1, and
εb2. Figure 6 represents the corrected and normalized fluores-
cence intensities of ThT bound to insulin and Aβ42 peptide
amyloid fibrils as superposition of the corrected and normal-
ized fluorescence intensities of the dye bound to the sites of
modes 1 and 2.

Discussion

Common Mistakes in the Use of Fluorescence Intensity
for the Determination of Binding Parameters

All the currently available data on the parameters of ThT
binding to amyloid fibrils which we could find in literature
are based solely on the measurements of the ThT fluores-
cence intensity dependence on the dye concentration in
solutions containing amyloid fibrils [10, 15, 21–29]. These
analyses are based on the erroneous assumptions that the
recorded fluorescence intensity is proportional to the con-
centration of bound dye (I 0 kCb) and that the fluorescence
intensity plateaus when all binding sites are occupied (Imax 0

knCp) [24]. In the section devoted to the determination of
the fluorescence quantum yield of ThT bound to fibrils, we
show that both of these assumptions are incorrect, since the
fluorescence intensity is proportional to the part of excita-
tion light absorbed by solution, but not to the dye concen-
tration. Even experienced researchers, who do not specialize
in fluorescence techniques, do not take into account the fact
that a plateau of the fluorescence intensity dependence on
the optical density of a fluorescent substance could not point
to the saturation of binding centers, since such a “saturable”
character of the dependence is its general property.

There is another common mistake in literature regarding
the determination of amyloid fibril–ThT binding parame-
ters. Experiments based on the measurement of fluorescence
intensity per se cannot, in principle, provide information on
the free dye concentration. Nonetheless, researchers used
Eqs. (3)–(5) or (7), replacing the value of free dye concen-
tration with the value of input dye concentration, for the

determination of the binding constants, without any expla-
nation of such a change (see [3, 24, 25, 29, 30]). This
problem was mentioned in the supplement to the work by
Sutharsan et al. [30] but was left unsolved. We believe that
the replacement of the free dye concentration by the total
dye concentration in Eqs. (3)–(5) or (7) contradicts the
physical meaning of the model. This mistake was not pres-
ent in the work by De Ferrari et al. [15] since the depen-
dence of the ThT fluorescence intensity on the C0 was
analyzed using an equation similar to Eq. (6). Nonetheless,
the authors of this work still suggested that the fluorescence
intensity is proportional to Cb.

Therefore, as of today, we do not know any study where
the binding parameters describing the amyloid fibril inter-
action with ThT or its analogs and derivatives would be
determined correctly. In this work, we show how the infor-
mation on the parameters of ThT binding to fibrils can be
obtained if sample and reference solutions are prepared by
microdialysis.

Comparative Analysis of ThT Interaction with Different
Amyloid Fibrils and Sites of Different Binding Modes
of One Type of Amyloid Fibril

The efficiency of the proposed approach is demonstrated by
examining the peculiarities of the ThT interaction with
insulin and Aβ42 fibrils, as well as with the AChE active
center. Sample ThT solutions in the presence of fibrils or
AChE and the reference solutions were prepared by equi-
librium microdialysis. This step is crucial for the accurate
analysis of the ThT binding since it helps to avoid the
mistakes associated with the use of fluorescence intensity
for the determination of binding parameters, given that of
the three factors in determining fluorescence intensity, only
one contains information on the fluorescence substance,
namely, the product of its optical density and fluorescence
quantum yield (see above).

Registration of the absorption spectra of the solutions
containing the target amyloid fibrils and ThT in different
concentrations gave us a set of data for the determination of
binding constants and stoichiometry of ThT interaction with
target amyloid fibrils, together with the absorption spectrum
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of ThT in the bound state. Then, registration of the fluores-
cence intensity for the same solutions, combined with the
knowledge of the binding parameters, allowed for the de-
termination of the fluorescence quantum yield of ThT bound
to fibrils. All the binding parameters obtained for the ThT
interaction with the insulin and Aβ42 fibrils, as well as with
the AChE active center, are summarized in Table 1.

The experimental data for the ThT binding to the amyloid
fibrils are fitted well by the simplest model, according to
which ThT incorporates in amyloid fibrils in the monomeric
form, and all the binding sites are independent of each other.
This agrees with the Krebs model of ThT binding to amy-
loid fibrils [31], which suggested that the dye is inserted in
grooves that run along the length of the β-sheet. Later, this
model of ThT interaction with amyloid was supported by the
molecule dynamics simulations [32–34] and the near-field
scanning optical microscopy [35].

For all the amyloid and amyloid-like fibrils analyzed in
our study, two binding modes were found (Table 1). Binding
constants of these two modes differ by two orders of mag-
nitude. All ni for amyloid fibrils are significantly lower than
1. This means that the ThT binding to fibrils cannot be
described by the 1:1 stoichiometry, and instead, the forma-
tion of one ThT binding site requires (1/ni) amyloidogenic
protein or peptide molecules.

In the case of AChE, the stoichiometry is 1:1, suggesting
that this protein has one active center which is able to bind
to just one ThT molecule. The value of the ThT–AChE
binding constant is lower than the lowest values of the
ThT–insulin and ThT–lysozyme binding constants and is
comparable with that of the ThT–Aβ42 fibrils. These obser-
vations correlate with the relatively small red shift of ab-
sorption spectrum of ThT bound to AChE in comparison
with that of free ThT in aqueous solution and low fluores-
cence quantum yield (see Table 1).

The significantly shorter wavelength position of the ab-
sorption spectrum of free ThT in solution, in comparison to
that of ThT incorporated into amyloid fibrils, can be explained
by the orientational dipole–dipole interaction of the dye mol-
ecules with a polar solvent. In reality, the ThT ground state is
stabilized by the orientational interactions of the polar solvent
dipoles with the dipole caused by the positive charge of the
ThT molecule, which is unequally distributed between the
benzothiazole and aminobenzoyl rings, while the configura-
tion of the solvation shell of the ThT molecule in the excited
Franck–Condon state is far from being in equilibrium (see
[36, 37]). The ThTabsorption spectrum has the shortest wave-
lengths maximum in water (412 nm), while the absorption
spectra of ThT bound to amyloid fibrils are red-shifted with
maxima at 450, 440, and 449 nm for the insulin, Aβ42, and
lysozyme, respectively [17].

ThT binding to fibrils is accompanied not only by a
significant red shift of the absorption spectrum but also by

a significant change in the molar extinction coefficient of the
dye. This result agrees with the quantum chemical simulations
that predicted the dependence of the value of the oscillator
strength corresponding to the ThT transition from the ground
to the excited state on the φ value between the benzothiazole
and aminobenzoyl rings [38] and with the assumption that the
conformation of ThT molecules bound to amyloid fibrils may
differ from that of free molecule in solution [8]. The molar
extinction coefficient of ThT bound to AChE is similar to that
of free ThT in aqueous solution, whereas the molar extinction
coefficients of ThT bound to fibrils are noticeably larger.

Using the value of optical density and the fluorescence
data, the fluorescence quantum yield of the ThT bound to
fibrils in each binding mode can be determined (Table 1). As
was predicted [8], the fluorescence quantum yield of ThT
incorporated into amyloid fibrils depends not only on the
restriction of the ThT benzothiazole and aminobenzoyl rings’
mobility against each other in the excited state but also on the
molecular conformation of ThT in the ground state and could
be both larger or smaller than quantum yield in rigid isotropic
solution (q00.28). We show here that in the case of insulin
fibrils, the binding of ThT is characterized by the highest
binding constants, and the insulin fibril-bound ThT possesses
the highest fluorescence quantum yield (qb100.83).

Conclusions

The obtained results show that the use of the equilibrium
microdialysis opens new perspectives for the ThT applica-
tion in investigation of the amyloid fibril structure. The
proposed approach is universal for determining the binding
parameters of any dye to any receptor. We hypothesize that
this tool can be implemented in experiments of the accurate
evaluation of the binding parameters of the neutral ThT
analogs (which can penetrate the hematoencephalic barrier)
to amyloid fibrils. This may also have impact on the suc-
cessful development of diagnosis and therapy of neurode-
generative diseases [27, 29, 30, 39–42].
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