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Abstract: Early detection of amyloid fibrils is very important
for the timely diagnosis of several neurological diseases. Thi-
oflavin-T (ThT) is a gold standard fluorescent probe for amy-
loid fibrils and has been used for the last few decades. How-
ever, due to its positive charge, ThT is incapable of crossing
the blood–brain barrier and cannot be used for in vivo imag-
ing of fibrils. In the present work, we synthesized a neutral
ThT derivative, 2-[2’-Me,4’-(dimethylamino)phenyl]benzothia-
zole (2Me-DABT), which showed a strong affinity towards
the amyloid fibrils. On association with the amyloid fibrils,
2Me-DABT not only showed a large increase in its emission
intensity, but also, unlike ThT, a large blueshift in its emission

spectrum was observed. Thus, unlike ThT, 2Me-DABT is a po-
tential candidate for the ratiometric sensor of the amyloid fi-
brils. Detailed photophysical properties of 2Me-DABT in amy-
loid fibrils and different solvent media were studied to un-
derstand its sensory activity. Fluorescence resonance energy
transfer (FRET) studies suggested that the sites of localiza-
tion for ThT and 2Me-DABT in amyloid fibrils are not same
and their average distance of separation in amyloid fibrils
was determined. The experimental data was nicely support-
ed by molecular docking studies, which confirmed the bind-
ing of 2Me-DABT in the inner core of the amyloid fibrils.

Introduction

Amyloidosis, a pathological condition, arises from the deposi-
tion of protein agglomerates on organs and tissues in the
human body, and is responsible for several diseases, like, Par-
kinson’s disease, Alzheimer’s disease, Huntington’s disease,
type II diabetes, etc.[1–3] Such protein agglomerates, generally
known as amyloid fibrils, are insoluble in water and remarkably
resistant towards proteolysis.[4, 5] Early detection of amyloidosis
and knowledge of its progress is very important to prevent for-
mation of amyloid fibrils in the human body and to develop
suitable therapeutics.

Since its discovery by Rudolph Virchow in the year of 1854,[6]

several biochemical and biophysical techniques have been
used extensively to study amyloid fibrils. Further, light scatter-
ing,[7] X-ray scattering,[8] FTIR,[9] and AFM,[10] etc. have been
used to compliment the biophysical and biochemical results.
However, all such studies were limited to the in vitro and ex

vivo experiments. Several imaging techniques, like, magnetic
resonance imaging (MRI),[11, 12] positron emission tomography
(PET),[13, 14] and single-photon emission computed tomography
(SPECT)[15, 16] have been used to study amyloid fibrils deep
inside the tissue. Indeed, the first human clinical trial to study
amyloidosis was performed by a PET technique using a 18F-la-
beled radiotracer.[13] However, the use of these techniques is
limited by several factors, such as expensive instruments, the
radiotracer’s short lifetime, complicated data analysis, and,
most importantly, exposure to radioactivity. Optical imaging of
amyloid fibrils using fluorescent tracers has attracted signifi-
cant attention in recent years because of its simplicity, cost ef-
fectiveness, faster data accumulation, simple data analysis, and
high sensitivity. Several small organic and inorganic molecules
have been developed for the optical imaging of the amyloid fi-
brils. For example, Uchida et al. used Hoechst 33342 for detect-
ing amyloid fibrils in APP transgenic mice.[17] Sensors based on
fluorescein,[18] BODIPYs,[19, 20] curcumin,[21] thiophene,[22] binu-
clear metal complexes,[23] etc were used for amyloid fibril de-
tection. Interestingly, gold metal nanoparticles[24] and silicon
nanoarrays[25] were also developed for the same purpose.

Intensive efforts notwithstanding, thioflavin-T (ThT) still re-
mains the exclusive fluorescent probe for amyloid fibrils.[26–28]

ThT, a nonemissive species in water, shows a very large in-
crease (>103 times) in its emission yield on binding with the
amyloid fibrils.[26] The increased emission yield of ThT has been
attributed to the restriction in the nonradiative torsional
motion around its central C�C single bond in the amyloid fi-
brils.[29, 30] ThT lacks protein-specificity as it binds to amyloid fi-
brils made up from all classes of proteins. Nonetheless, it has
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been used for several decades for its high association constant
with the amyloid fibrils, and large sensitivity due to the enor-
mous increase in its emission intensity on association with
amyloid fibrils. The actual mechanism for such a strong associ-
ation of ThT with amyloid fibrils is still not clearly understood.
It is believed that the molecular shape of ThT matches with
that of some of the grooves in the fibrillar channel and on its
surface.[31] Such shape complementarity between ThT and the
amyloid structure along with the hydrophobic stabilization is
believed to be mainly responsible for the strong association
between ThT and amyloid fibrils. However, ThT cannot be em-
ployed for in vivo imaging due to its positive charge, which
makes it highly hydrophilic and prevents it from crossing the
blood–brain barrier (BBB).[32] Further, the spectral position of
ThT remains largely unchanged on association with amyloid fi-
brils, which makes it inappropriate for the imaging studies due
to the large background signal.[30, 33] Moreover, ThT has been
recently shown to promote amyloid b aggregation.[34] Such
limitations of ThT have encouraged the development of neu-
tral fluorescent sensors for amyloid fibrils.[32, 35, 36] However, sen-
sors with molecular shapes similar to ThT are anticipated to
provide extra selectivity due to structural complementarity be-
tween the fibrils and the probes. Thus, several neutral ThT de-
rivatives were synthesized that showed a high affinity towards
amyloid fibrils.[32, 35–37] Derivatives based on radio-labeled bezo-
thiazoleaniline (BTA) moieties are the most prolific and promis-
ing amyloid sensors, and have been used for the PET imaging
of amyloid fibrils.[32, 37] However, due to lack of suitable photo-
physical properties, such derivatives could not be used for the
detection of amyloid fibrils using sensitive fluorescence tech-
niques. Klunk et al. reported that BTA derivatives did not show
any change in their emission spectrum on association with
amyloid fibrils.[32] Instead, emission intensity of one of the BTA
derivatives, which is extensively used for PET amyloid imaging,
was reduced in the amyloid fibrillar solution.[37] Hence, a neutral
ThT derivative, which can show a significant increase in its
emission intensity along with the shift in the spectral position
on association with amyloid fibrils, needs to be developed for
efficient detection of these neurotoxic protein agglomerates.

In the present study, we synthesized a neutral analogue of
ThT, 2-[2’-Me,4’-(dimethylamino)phenyl]benzothiazole (2Me-
DABT, see Scheme 1 for the chemical structure), which showed
a large change in its photophysical properties on association
with amyloid fibrils made from insulin. The interaction of 2Me-
DABT with insulin amyloid fibrils was studied using both
steady-state and time-resolved fluorescence techniques. It is
shown that unlike ThT, 2Me-DABT showed a significant blue-
shift in the emission spectrum along with a largely increased
emission intensity due to its association with the amyloid fi-

brils, which suggests its potential application as a ratiometric
amyloid fibril sensor. Fluorescence resonance energy transfer
(FRET) and molecular docking studies were also performed to
identify its binding sites in amyloid fibrils.

Results and Discussion

2Me-DABT in aqueous solution showed a relatively narrow ab-
sorption band with a maxima at approximately 300 nm, which
was largely unchanged in the presence of insulin amyloid fi-
brils (see Figure S1 in the Supporting Information). The emis-
sion spectra of 2Me-DABT, recorded in aqueous solution and in
the presence of different concentrations of insulin fibrils, are
shown in Figure 1. 2Me-DABT showed a broad emission band
with maxima at 500 nm in aqueous solution. It is evident from
Figure 1 that the addition of insulin fibrils to the aqueous solu-
tion of 2Me-DABT led to a substantially increased (�65 times)
emission intensity along with a significant hypsochromic shift
in the emission spectrum. The inset of Figure 1 shows the
peak intensity normalized emission spectra of 2Me-DABT in the
presence of different concentrations of amyloid fibrils. The
emission maxima of 2Me-DABT changed from 500 nm in aque-
ous solution to 445 nm in amyloid fibrils. The observed large
fluorescence enhancement along with large blueshift in the
emission spectra clearly indicated that 2Me-DABT interacts
strongly with amyloid fibrils. It is noteworthy that despite
having a strong interaction with amyloid fibrils, unlike ThT, the
fibrillation kinetics of insulin remained unaffected by the pres-
ence of 2Me-DABT (see Figure S2 in the Supporting Informa-
tion). Thus, the present result suggested that 2Me-DABT may
be an efficient fluorescence sensor for the amyloid fibrils. In
particular, the large shift in the emission spectra is advanta-
geous for fluorescence imaging applications due to the rela-
tively low background signal. This may also improve the detec-
tion limit significantly.

Such a large shift in the emission spectra of 2Me-DABT upon
binding with amyloid fibrils can make it a ratiometric sensor
for the amyloid fibrils. It is worth mentioning that the emission
spectral position of ThT remains unchanged on association

Scheme 1. Molecular structure of (2-[2’-Me,4’-(dimethylamino)phenyl]benzo-
thiazole) (2Me-DABT).

Figure 1. Emission spectra (lex = 340 nm) of 2Me-DABT in the presence of
different concentrations of insulin amyloid fibrils (0–30 mm). Inset : peak in-
tensity normalized emission spectra of 2Me-DABT in amyloid fibrils.
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with amyloid fibrils[26, 30] and hence can act only as a single in-
tensity based sensor. Such a single-intensity-based estimation
is prone to error caused by the fluctuation in probe concentra-
tion and its environment, drift in the opto-electronic setup,
etc. during the measurement.[38] However, the ratio of emission
intensities of the probe at two different wavelengths is
immune to such changes during the measurements.[38] Ratio-
metric measurements are particularly very important in micro-
scopic studies of cells, for which the concentration and envi-
ronment of probes as well as the optical path fluctuates con-
tinuously during the course of the measurement. It is also im-
portant to mention that the light used for the excitation of
2Me-DABT can generate autofluorescence from cells[39] and can
interfere with the measurements. However, due to the very
high emission quantum yield of 2Me-DABT in amyloid fibrils
(68 %), it is quite expected that the emission intensity generat-
ed from 2Me-DABT in amyloid fibrils will be significantly higher
than that of cell autofluorescence. Hence, in microscopic stud-
ies using 2Me-DABT as a fibrillar probe, the interference from
the cell autofluorescence is expected to be negligible.

To quantify the interaction between 2Me-DABT and insulin
amyloid fibrils, binding constants were estimated by using the
following modified Benesi–Hildebrand equation for 1:1 com-
plexation:[40, 41]

1
DIf
¼ 1

KbðIC � IOÞ½F�o
þ 1
ðIC � IOÞ

ð1Þ

in which Io and IC are the emission intensities of 2Me-DABT in
water and when completely bound with amyloid fibrils, respec-
tively. DIf is the change in the emission intensity due to the ad-
dition of fibrils. [F]0 is the total concentration of fibrils in the
solution and Kb is the binding constant. The double reciprocal
plot for the variation in the emission intensity of 2Me-DABT
with the concentration of amyloid fibrils is shown in Figure 2.
The nonlinearity observed in Figure 2 clearly indicated two
modes of binding for 2Me-DABT with amyloid fibrils. The ex-
perimental data were fitted with Equation (1) at two different
concentration regions as shown in Figure 2. The binding con-
stants thus estimated from the fitting, were found to be 1.0 �
106 and 4.1 � 104

m
�1. Earlier, ThT was reported to follow two

modes of binding, one in the fibrillar channel and the other in
the grooves of the fibrillar surface.[42–44] Due to structural com-
plementarity between ThT and the fibrillar channel, the bind-
ing in the inner channel of the fibrils is very strong compared
to that on the surface. Considering the similar chemical struc-
ture of ThT and 2Me-DABT, in analogy, we also propose that
the stronger binding mode corresponds to the 2Me-DABT
bound to the inner channel of the fibril and the weaker mode
is due to the binding of 2Me-DABT onto the fibrillar surface.
This proposition was also supported by our molecular docking
studies (vide infra).

Time-resolved emission measurements were performed to
understand the effect of amyloid fibrils on the excited-state dy-
namics of 2Me-DABT. Figure 3 A shows measured emission
transient decays of 2Me-DABT in the presence of different con-
centrations of amyloid fibrils. The emission transient of 2Me-

DABT in aqueous solution showed nonexponential decay kinet-
ics. All transient decay traces were fitted with a biexponential
decay function. The average lifetime (tav) of 2Me-DABT in aque-
ous solution was estimated to be 2.9 ns. It is to be noted from
Figure 3 A that the emission transient decay became gradually
slower on addition of amyloid fibrils. The variation in the aver-
age lifetimes of 2Me-DABT with amyloid fibril concentrations
are presented in Figure 3 B. It is evident from Figure 3 B that
the average excited-state lifetime of 2Me-DABT was increased
from 2.9 ns in water to 4.3 ns in the presence of 25 mm amyloid
fibrils. Such changes in the excited-state lifetime certainly indi-
cated a strong interaction of 2Me-DABT with amyloid fibrils. As
time-resolved measurements are inherently ratiometric in
nature, the changes in the lifetime of 2Me-DABT can also be
used for the estimation of amyloid fibrils. However, it is to be
noted that the steady-state emission intensity of 2Me-DABT
was changed by approximately 65 times due to its association
with amyloid fibrils, whereas its lifetime changed only by
1.5 times. Hence, for the present system, the emission-intensi-
ty-based detection of amyloid fibrils will be more sensitive
than the lifetime-based method.

To comprehend the reason for the observed changes in the
emission characteristics of 2Me-DABT due to its interaction
with amyloid fibrils, emission properties of 2Me-DABT in differ-
ent solvents were investigated in detail. The emission spectra
of 2Me-DABT recorded in acetonitrile/water solvent mixtures
are shown in Figure 4 A. A substantial decrease in the emission
intensity of 2Me-DABT was noticed with the increase in the sol-
vent polarity. The peak intensity normalized emission spectra
of 2Me-DABT in solvent mixtures are shown in the inset of Fig-
ure 4 A. The emission spectrum of 2Me-DABT showed a large
bathochromic shift on increasing the solvent polarity. Thus, the
emission maxima of 2Me-DABT in acetonitrile (dielectric con-
stant, e= 37.5) is 463 nm and changed to 495 nm in a 95 %
water/acetonitrile mixture (e= 76).[45, 46] Due to the extremely
low solubility of 2Me-DABT in water, its photophysical proper-
ties in neat water could not be studied. On changing the sol-
vent from neat acetonitrile to a 95 % water/acetonitrile mix-
ture, 2Me-DABT showed a Stokes’s shift (1391 cm�1), which was
quite large when compared to commonly used solvatochromic

Figure 2. Double reciprocal plot for the variation in emission intensity of
2Me-DABT with the concentration of insulin amyloid fibrils. The two straight
lines are the fit for the experimental data by using Equation (1).

Chem. Eur. J. 2016, 22, 1 – 9 www.chemeurj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org


dyes, like coumarin 153 (1031 cm�1). Thus, present results indi-
cated that 2Me-DABT is a strong solvatochromic dye and may
be a potential candidate to probe the micropolarity of differ-
ent complex chemical and biological environments. Figure 4 B
shows the variation in the emission quantum yield (ff) of 2Me-
DABT with solvent polarity. Thus, the emission yield of 2Me-
DABT was decreased substantially with the increase in the
water content in mixed solvents. This result clearly indicated
that nonradiative deactivation of 2Me-DABT became more
prominent in the high-polarity solvent media.

From above results it can be inferred that a decrease in the
polarity around 2Me-DABT led to a blueshift in its emission
spectrum and a simultaneous increase in its emission yield.
Due to their extremely complex structure, amyloid fibrils can
have different hydrophobic pockets to accommodate small
molecules. For example, Nile red on its association with amy-
loid fibrils experienced much lower polarity when compared to
the bulk water, which is reflected by the blueshift in its emis-
sion spectra.[47] Thus, it can be inferred that the micropolarity
at the site of solubilization of 2Me-DABT in amyloid fibrils is
much less as compared to the bulk water. Such a low polarity
around 2Me-DABT in the fibrillar media resulted in a significant
blueshift in its emission spectra with a concomitant large in-
crease in its emission yield.

As 2Me-DABT has a very similar molecular structure to ThT, it
was important to know whether these two amyloid probes
have similar or independent binding sites in the insulin amy-
loid fibrils. For this, we investigated the emission characteristics
of 2Me-DABT in a fibrillar solution in the presence of different
concentrations of ThT. There was a substantial decrease in the
emission intensity of 2Me-DABT at 445 nm, on addition of ThT
to the fibrillar solution (Figure 5). Such a decrease in the emis-
sion intensity of 2Me-DABT is also accompanied by a large in-

crease in the emission at 490 nm due to ThT bound to amyloid
fibrils.[30] The emission spectrum for only ThT in fibrillar media
is also shown in Figure 5 for comparison. The emission intensi-
ty of only ThT in amyloid fibrils was quite low when excited at
340 nm. However, the emission of ThT at 490 nm is significantly
enhanced in the presence of 2Me-DABT in amyloid fibrils. The
variation in the emission intensities at 445 and 490 nm as
a function of ThT concentration are also shown in the inset of
Figure 5. The large increase in the emission intensity at 490 nm
at the cost of that at 445 nm clearly indicated an efficient
energy transfer from the photoexcited 2Me-DABT to ThT in the
fibrillar media. The energy-transfer process is further supported
by the fact that there was a substantial overlap between the
emission spectrum of 2Me-DABT and the absorption spectrum
of ThT in the fibrillar media (see Figure S3 in the Supporting In-
formation).

Observed energy transfer between the photoexcited 2Me-
DABT to ThT clearly indicated that ThT could not replace the
2Me-DABT from amyloid fibrils. Rather, the added ThT occupied
some other suitable available sites in amyloid fibrils without re-
placing the preoccupied 2Me-DABT. In fact, it is quite expected
that amyloid fibrils made from large proteins, like insulin, will
have large numbers of binding sites such that even if some of
the sites are occupied by one probe, the other probe can find
another energetically suitable site without replacing the first
probe. Additionally, our studies further confirmed that the
binding sites for ThT and 2Me-DABT are proximal enough for
an efficient FRET between them, which is further supported by
our molecular docking studies discussed in the later part.

The FRET between photoexcited 2Me-DABT and ThT in the
fibrillar solution has also been studied by time-resolved fluo-
rescence measurements. The emission transient decay of 2Me-

Figure 3. A) Emission transient decays for 2Me-DABT in the presence of dif-
ferent concentrations of insulin amyloid fibrils : 1) 0, 2) 0.6, 3) 4.5, 4) 12, and
5) 20 mm. The dashed curve represents the instrument response function
(IRF) of the TCSPC instrument. B) Variation in the average lifetime of 2Me-
DABT with insulin amyloid fibril concentration.

Figure 4. A) Emission spectra of 2Me-DABT in acetonitrile in the presence of
different amounts of water. Inset : the peak normalized emission spectra of
2Me-DABT in acetonitrile/water solvent mixtures. B) Variation in the emission
quantum yield of 2Me-DABT with the percentage of water in acetonitrile/
water mixtures.
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DABT in fibrillar solution became faster with the increase in
ThT concentration (cf. Figure 6). It is important to mention that
no ThT emission at 445 nm from fibrillar solution was observed
on photoexcitation with 340 nm light. Hence, emission decays
recorded at 445 nm were solely from the photoexcited 2Me-
DABT bound to amyloid fibrils. It is evident from Figure 6 that
the addition of ThT to the fibrillar solution led to quenching of
the excited state of 2Me-DABT. Thus, the average lifetime of
2Me-DABT in insulin amyloid fibrils was shortened from 4.3 to
1.7 ns in the presence of 3 mm ThT. Overall, the time-resolved
emission studies further supported the energy transfer from
photoexcited 2Me-DABT to ThT molecules in the fibrillar solu-
tion. The efficiency (E) for the FRET between photoexcited
2Me-DABT and ThT in the fibrillar solution was calculated using
the following equation and found to be 60.5 %:[48]

E ¼ 1�htDAi
htDi

ð2Þ

in which htDAi and htDi are the amplitude-weighted lifetimes
[cf. Eq. (5)] of fibril-bound 2Me-DABT in the presence and ab-
sence of ThT, respectively. Using this E value, the average sepa-

ration between 2Me-DABT and ThT was calculated to be 41.2 �
(see the Supporting Information for detailed calculations). Such
a large separation between ThT and 2Me-DABT further sug-
gested that these two amyloid probes did not share the same
localization site in the amyloid fibrils, as indicated by the re-
sults of the steady-state emission studies.

The knowledge of binding sites of the probes is very impor-
tant to understand their sensory activity and for future sensor
development. Hence, we performed the blind molecular dock-
ing studies to find out the location of 2Me-DABT in amyloid fi-
brils. Due to lack of detail structural information on insulin
amyloid fibrils, in the present docking studies, we used the fi-
brillar structure for 42 residue amyloid-b protein (Ab1-42) deter-
mined by solid-state NMR (PDB ID: 2MXU).[49] The use of the
Ab1-42 fibril rather than fibril of the most abundant 40 residue
amyloid-b protein (Ab1–40) in the present work was motivated
from the fact that the protofibril of the Ab–42 protein is much
more toxic and showed more propensity towards aggregation
compared to the Ab1-40 protein.[50, 51] Docking of 2Me-DABT in
Ab1-42 fibril was performed with several initial positions of
ligand with respect to the host fibril. The initial docking con-
sisted of 1000 runs, and all the results were clustered with
a RMSD value of 2 �. After clustering, two primary binding
sites for 2Me-DABT in Ab1-42 fibrils were identified. These two
most-probable and lowest-energy binding conformations in-
volved localization of 2Me-DABT in the inner channel of fibrils
(Figure 7 A). The binding energies for mode-1 (with a popula-
tion 750 out of 1000) and mode-2 (with a population 180 out
of 1000) were estimated to be 6.87 and 6.39 kcal mol�1, respec-
tively. Different interactions operating between 2Me-DABT and
the amino acids of amyloid fibrils for most populated mode of
binding (mode-1) are shown in Figure 7 B. It was found that
the binding of 2Me-DABT in the amyloid fibrils was mainly sup-
ported by the p–p stacking interaction between the aromatic
rings of 2Me-DABT and the nearby histidine moiety (His14).
Further, the p–p interaction between the aromatic rings of
2Me-DABT with amide bonds of amyloid fibrils was also opera-
tive in the binding process. Besides, the hydrophobic interac-
tion with the CH2 groups of the peptide chain also favored the
incorporation of 2Me-DABT in the inner-core region of the fi-
brils. In addition, binding at the external grooves of the fibrils
was also observed in the present system (see Figure S4 in the
Supporting Information). The population of such surface
groove binding was extremely low (6 out of 1000) with a rela-
tively low binding energy (5.45 kcal mol�1). Importantly, unlike
ThT, binding of 2Me-DABT at two ends of the fibrils could not
be observed in our docking studies.[52] The results are in agree-
ment with the simulation results reported by Wu et al. , who
showed that the probability of binding at two ends of the
beta-sheet structure is much higher for ThT compared to its
neutral analogues.[53]

To further identify the relative location of 2Me-DABT and ThT
in amyloid fibrils, we performed molecular docking using the
fibril with docked 2Me-DABT (mode-1) as the initial host struc-
ture. The most populated and the strongest mode of binding
showed that the added ThT is also localized in the inner core
of the fibril. The relative position of ThT with respect to 2Me-

Figure 5. Emission spectra (lex = 340 nm) of 2Me-DABT in insulin amyloid fi-
brillar solution in the presence of different concentrations of ThT (0–3 mm).
The dashed curve shows the emission spectrum (lex = 340 nm) of 3 mm ThT
in the fibrillar solution. Inset: variation in the emission intensity at (circles)
445 and (triangles) 490 nm with ThT concentration in the fibrillar solution.

Figure 6. Emission transient decays for insulin amyloid fibril-bound 2Me-
DABT in the presence of different ThT concentrations (0–3 mm). The dashed
curve represents the IRF.

Chem. Eur. J. 2016, 22, 1 – 9 www.chemeurj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5 &&

These are not the final page numbers! ��

Full Paper

http://www.chemeurj.org


DABT in the amyloid fibrils is shown in Figure 8. Our docking
studies showed that ThT was separated from 2Me-DABT by
40.2 �. The distance between 2Me-DABT and ThT, obtained
from the molecular docking studies is very close to the values
obtained from the FRET studies. Our docking studies further
supported the fact that the site of localization of 2Me-DABT
and ThT are quite different as proposed in the previous sec-
tion.

Conclusions

The newly synthesized neutral benzothiazole derivative, 2Me-
DABT, binds strongly with the amyloid fibrils resulting in
a large increase in its emission intensity along with a large
spectral shift. Thus, unlike most extensively used amyloid sen-
sors, such as ThT, a large shift in the emission wavelength of

2Me-DABT upon binding to amyloid fibrils makes it a potential
ratiometric sensor and hence can provide high sensitivity in
the detection of amyloid fibrils by fluorescence imaging tech-
niques. Detailed spectroscopic studies indicated that the large
changes in the emission properties of 2Me-DABT in amyloid fi-
brils was due to low polarity of the hydrophobic pockets in
amyloid fibrils in which 2Me-DABT resided. FRET and molecular
docking studies confirmed that the binding locations for ThT
and 2Me-DABT are distinct and separated from each other by
an average distance of approximately 40 �. Further, as a neutral
molecule, 2Me-DABT may be more efficient for in vivo imaging
of amyloid fibrils. The knowledge on the binding sites and
mode of interaction between probe and fibrils, obtained from
the present study, will help in understanding the interaction of
benzothiazole-based small molecules with amyloid fibrils.

Experimental Section

The ground-state absorption and the steady-state emission spectra
were recorded using a Jasco spectrophotometer (model V-530)
and Hitachi spectrofluorometer (model F4500), respectively. Fluo-
rescence quantum yield (ff) values were estimated by a compara-
tive method[48] using 4’,6-diamidino-2-phenylindole (DAPI) in di-
methyl sulfoxide as the reference (ff�0.58).[54] In steady-state
emission studies, 2Me-DABT was excited at 340 nm to avoid the
emission from insulin protein. The time-resolved emission measure-
ments were performed using a time-correlated single-photon
counting (TCSPC)-based spectrometer from IBH, UK, as described
earlier.[55] In time-resolved experiments, samples were excited with
a 340 nm LED source. The instrument response function (IRF) of
the TCSPC instrument was 1.3 ns. All decay traces were fitted by
following multiexponential function.

IðtÞ ¼
X

i
aie
�t=ti ð3Þ

in which, ti and ai are the time constant and relative contribution
of the ith decay component to the measured decay traces, respec-
tively. Time (tav) and amplitude (hti)-weighted average lifetimes
were calculated using the following equations.[48]

tav ¼
P

i ait
2
iP

i aiti

ð4Þ

hti ¼ Siaiti
Siai

ð5Þ

Bovine insulin was obtained from Sigma. ThT was purchased as its
chloride salt from Sigma and purified by recrystalization from
a methanol/water mixture. Double-distilled water (conductivity
<0.1 mS cm�1) was used for the sample preparation. All chemicals
used for the synthesis were of analytical grade. Due to extremely
low solubility of 2Me-DABT in neat water, its aqueous solution was
prepared by using a concentrated stock solution in methanol such
that the methanol content in the final solution was <0.5 % by
volume. In all experiments, absorbance of 2Me-DABT solution was
in the range 0.01–0.02 at 300 nm.

Insulin fibrils were prepared by following the procedure reported
in the literature.[30, 56] Insulin solution (2 mg mL�1) in 20 % acetic
acid (pH 1.6) was heated at 70 8C for 24 h without stirring. The
completion of the fibrillation process was monitored through the
standard ThT fluorescence assay. Fibrils, thus prepared in the acidic

Figure 7. A) The two most probable binding sites for 2Me-DABT in amyloid
fibrils obtained from the molecular docking studies. B) A close look of the
binding pocket for mode-1. The dashed lines indicated different types of in-
teraction involved between 2Me-DABT and fibril.

Figure 8. Binding pose of ThT in the amyloid fibril with incorporated 2Me-
DABT. The solid line indicates the distance between 2Me-DABT and ThT.
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medium, were diluted 12-fold with Tris-HCl buffer and the pH was
adjusted to 7.4 with aqueous NaOH solution.

Synthesis of 2Me-DABT

The preparation of 2Me-DABT is outlined in Scheme 2.

4-(Dimethylamino)-2-methylbenzaldehyde (I)

Phosphorous oxychloride (0.78 mL, 8.1 mm) was added dropwise
under an argon atmosphere to a cooled (�10 8C) and stirred solu-
tion of N,N-3-trimethylaniline (1.1 mL, 7.4 mm) and N,N-dimethylfor-
mamide (0.7 mL, 8.9 mm) in dichloromethane (40 mL). The reaction
mixture was brought to room temperature, stirred for 4 h, treated
with aqueous 2 m sodium hydroxide, and stirred for 4 h followed
by the extraction with ethyl acetate. The organic extract was
washed with water and brine, dried, concentrated in vacuo, and
the residue purified by column chromatography (silica gel) to give
the desired aldehyde (0.5 g, 41.6 %). 1H NMR (200 MHz, CDCl3): d=

2.36 (s, 3 H), 2.9 (s, 6 H), 6.80–6.84 (d, 2 H, J = 8.0 Hz), 7.65 (d, 1 H,
J = 8.0 Hz), 10.14 ppm (s, 1 H).

2Me-DABT

2-Aminothiophenol (0.49 g, 4.0 mm) was added to a stirred solu-
tion of I (3.1 mm) in dimethyl sulfoxide (25 mL) and the reaction
mixture was heated at 180 8C for 15 min. After cooling to room
temperature, the mixture was poured into water and extracted
with ethyl acetate. The organic layer was washed with water and
brine, and dried. Removal of the solvent in vacuo produced
a yellow solid, which was purified by column chromatography
(silica gel) to give pure 2Me-DABT (0.61 g, 74 %). 1H NMR (200 MHz,
CDCl3): d= 2.39 (s, 3 H), 2.73 (s, 6 H), 7.02–7.10 (m, 2 H), 7.29–7.33
(m, 1 H), 7.36–7.48 (m, 1 H), 7.87 (d, 1 H, J = 8 Hz), 8.03 (d, 1 H, J =
8 Hz), 8.24 ppm (d, 1 H, J = 8 Hz).

Computational methods

AutoDock suite (version 4.2)[57] implemented in the AutoDock Tools
(version 1.5.6)[58] was used for the molecular docking studies. The
structure of Ab1–42 fibril was obtained from the PDB data bank
(PDB ID: 2MXU). The structures of 2Me-DABT and ThT were energy-
optimized by quantum chemical calculations using a Gaussian 03
package.[59] B3LYP functional[60, 61] and 6-311 + + g(d,p) basis func-
tion were used to optimize the chemical structures by DFT. The
energy-optimized structure of 2Me-DABT and ThT are shown in Fig-
ure S5 in the Supporting Information and used for blind docking
studies. For docking studies, fibril was considered as a rigid host
molecules and 2Me-DABT as a flexible ligand allowing all torsional
motion in the molecule. Molecular docking was performed with
five different initial locations of the ligand with respect to the fibril.

A cubical box with dimensions of 100 � 100 � 100 �3 with 0.6 � grid
spacing was created at the center of the fibril. The size of the grid
box was made in such that the ligand can access all possible bind-
ing sites in fibrils. Each docking involved 200 independent runs
with a maximum number of 5 � 106 energy evaluation and
27000 generations. The Lamarckian genetic algorithm (LGA)[62]

method was applied to find the docked conformations of the
ligand with the lowest energy. Results of all 1000 runs were clus-
tered with root mean square deviation (RMSD) <2 � and ranked
according to their binding energies. For docking with ThT, fibril
with a docked 2Me-DABT was used as the host molecule. A similar
procedure as used for the docking of 2Me-DABT with fibril was fol-
lowed.
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Benzothiazole-Based Neutral
Ratiometric Fluorescence Sensor for
Amyloid Fibrils

Bound and determined : Neutral thiofla-
vin-T derivative, 2Me-DABT, showed
a large increase in its emission intensity
as well as a significant blue shift in the
emission spectrum due to its associa-
tion with amyloid fibrils (see figure). Mo-
lecular docking studies confirmed the
binding of 2Me-DABT in the inner core
of the amyloid fibrils.
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