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Abstract In present paper series of trimethine cyanines
modified in 5,5′- or 6,6′- position with hydroxy- or
methoxy- substituents is studied for their ability to interact
selectively with fibrillar formations. Processes of dye
aggregation that accompany this interaction were also
investigated. Meso-methyl trimethynecyanines with 5,5′-
methoxy (7519) and hydroxy (7515) substituents strongly
(up to 40 times) increase fluorescence intensity in the
presence of fibrillar insulin, and also give noticeable
fluorescent response on the presence of various aggregated
proteins (lysozyme, β-lactoglobulin, α-synuclein A53T).
7519 and 7515 dyes can be used for fluorometric detection
of fibrillar insulin at concentrations of approximately 1.5–
120 microg/ml. For meso-ethyl substituted dye 7514 the
ability to form H- and J-aggregates upon interaction with
insulin fibrils was suggested. The model of the H- and J-
aggregate packing in the protein fibrillar structure has been
proposed.

Keywords Cyanine dyes . Amyloid proteins . Fluorescent
detection . J-aggregates

Introduction

The abnormal self-assembly of proteinaceous material into
insoluble well-ordered fibrillar aggregates deposits is
common to a large group of amyloid-associated disorders,
such as Alzheimer’s disease, Parkinson’s disease, prion
diseases, and type II diabetes [1–5]. Amyloidogenic
proteins undergo an alternative folding pathway under
stressful conditions leading to formation of fibrils having
cross beta-sheet structure [6, 7].

The protein involved in the amyloid fibrils is specific for
each disease. Despite of the fact that various amyloid-
forming proteins do not reveal any simple sequence
homology, all amyloid formations possess similar ultra-
structural and physiochemical properties. Such formations
could be detected using specific dye Thioflavin T (Thio T),
which strongly increased fluorescence intensity upon dye/
fibrill interaction [8–10].

Today cyanine dyes are widely used in various
biomedical applications as highly efficient fluorescent
probes for detection of nucleic acids and proteins [11,
12] and labels for biomolecules [13]. For the laboratory
use unsymmetric monomethine dye T-284 and trimethine
dye SH-516 (Fig. 1) were proposed that gave strong
fluorescence response upon dye/fibril complex formation
and were effective in the same detection range as Thio T
[14]. As the advantage of these dyes comparing with
Thio T, the good results reproducibility shown by
cyanines in amyloid fibrils detection assay should be
noted. Later the ability of meso-substituted trimethine
cyanines to give fluorescent response on the presence
of fibrillar proteins was demonstrated; also it was
shown that presence of amino substituent in the dye
heterocycle increases the affinity of the dye to amyloid
formations [15].
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Recently meso-methyl substituted trimethine cyanine
dye 7519 (Fig. 2) containing methoxy substituents in 5,5′-
positions of benzothiazole heterocycles was found to
increase the fluorescence intensity significantly in presence
of fibrillar insulin; the concentration range of fluorescent
detection of fibrillar insulin with 7519 was estimated to be
1.5–120 μg/ml. This dye was also shown to be applicable
for fluorescent detection of fibrillogenesis inhibition activ-
ity of potential inhibitors [16]. Hence, it is important to
study the series of dyes related to 7519 in presence of
fibrillar insulin in order to shed light on the influence of the
dye structure on its binding to amyloid fibrils.

In present paper series of trimethine cyanines modified
in 5,5′- or 6,6′- position with hydroxy- or methoxy-
substituents is studied for their ability to interact selectively
with fibrillar formations. Processes of dye aggregation that
accompany this interaction are also investigated. For this
purpose spectral-luminescent properties of the dyes in free

form and in presence of monomeric and fibrillar insulin,
which is chosen as model protein, are characterized. For the
most efficient dyes, ability to bind with fibrillar protein of
various amino acid compositions is estimated.

Experimental Section

Reagents

Anhydrous dimethylsulfoxide (DMSO) distilled under re-
duced pressure and 0.05 M Tris-HCl buffer (pH 7.9) were
used as solvents. Methoxy- substituted trimethynecyanines
7514 and 7545 are synthesized similarly to their iodides [17].
For the synthesis of dyes 7513, 7519 and 7544 the same
method was employed using ethylorthoformate or ethyl-
orthoacetate instead of ethylorthopropionate. Hydroxy- sub-
stituted thiacarbocyanines 7520, 7523 and 7515 are obtained

I

S

N
+

N

S

I

S

NN
+

S

N

N

S
N

Cl

SH-516T-284 Thioflavin T

+

Fig. 1 Structure of cyanine
dyes SH-516 and T-284, and
Thioflavin T

S O

O

O

S

NN
+

S

OO

7544
O Cl O

O

O

S

NN
+

S

OO

7545

S

NN
+

S

OHOH

7520
S O

O

O

S

NN
+

S

OHOH

7523S O

O

O

S

N

O

N
+

SO

S O

O

O

7513

S

NN
+

S OO

S O

O

O

7519

S

N

O

N
+

SO

S O

O

O

7514

S

N

OH

N
+

SOH

7515S O

O

O

Fig. 2 Structures of studied trimethinecyanine dyes
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starting from methyl p-toluensulfonate 6- (or 5)-hydroxy-
benzotiazole and triethyl esters of orthoacetic or orthopro-
pionic acids like their N,N′-diethyl analogues unsubstituted
in chromophore [18]. The structure and purity of the dyes are
confirmed by the data of NMR 1H spectra. 1H NMR data of
the dyes and their melting points are presented below.

Chicken egg white lysozyme, bovine pancreas insulin and
β-lactoglobulin were purchased from Sigma (USA). The
amyloid fibrils of lysozyme, bovine pancreas insulin and β-
lactoglobulin were obtained as described [19, 20]. Recombi-
nant human mutant α-synuclein (ASN) A53T (both fibrillar
and monomer) was generously provided by Prof. V.
Subramaniam (University of Twente, The Netherlands).

Preparation of Stock Solutions of Dyes and Biological
Molecules

2×10−3 M dye stock solutions were prepared by dissolving
the dye in DMSO. The concentrations for both native and
fibrillar proteins in stock solutions were 10−4 M for ASN
A53T; 1.7×10−4 M for insulin; 7.9×10−4 M for BLG and
10−3 M for lysozyme. The fibrils used in all experiments
were from the same batch.

Preparation of Working Solutions

Working solutions of free dyes at 5×10−6 M were prepared
by dilution of the dye stock solution in 50 mM Tris-HCl
buffer (pH 7.9). Working solutions of dye-protein com-
plexes were prepared by mixing of an aliquot of the dye
stock solution (2.5 μl) and an aliquot of native or fibrillar
proteins in buffer. Concentrations of the proteins in working
solutions were 10−6 M (ASN A53T, lysozyme and insulin)
and 7.9×10−6 M (BLG) for both native and aggregated
proteins. For the 7514 aggregation study, fibrillar insulin
concentrations in working solutions were in the range of
0.85×10−6 M–5.1×10−6 M. All working solutions were
prepared immediately before the experiment.

Spectroscopic Measurements

Absorption spectra were obtained with the help of the Specord
M-40 spectrophotometer (Carl Zeiss, Germany). Fluorescence
excitation and emission spectra were collected on Cary
Eclipse fluorescence spectrophotometer (Varian, Australia).
Fluorescence spectra were measured with excitation and
emission slit widths set to 5 nm, and at a constant PMT
voltage. Spectroscopic measurements were performed in
standard quartz cells (1×1 cm). All measurements were
carried out at room temperature. Fluorescence emission for
all dyes was excited at the corresponding excitation maxima
(except the study of 7514 aggregation study, for which the
excitation wavelengths are provided in the text).

1H NMR Spectra and Melting Points of Synthesized Dyes

6-Hydroxy-2-[(1E,3Z)-3-(6-Hydroxy-3-Methyl-1,3-
Benzothiazol-2(3H)-ylidene)-2-Methylprop-1-enyl]-3-
Methyl-1,3-Benzothiazol-3-ium p-toluensulfonate (7523)

DMSO-d6: 2.281(s, 3H, CH3), 2.521 (s, 3H, CH3), 3.829 (s,
6H, N-CH3), 6.307 (s, 2H, α-H chain), 7.014 (dd J1=9.0 Hz,

J2=1.5 Hz , 2H, Ar-H), 7.102 (d J=8.1 Hz , 2H, Ar-H), 7.396 (s,
1H, Ar-H), 7.481 (d J=7.8 Hz , 2H, Ar-H), 7.617 (d J=9.0 Hz ,
2H, Ar-H), 9.993 (broadened s, 2H, OH). Melting Point
279–280 °C.

6-Methoxy-2-[(1E,3Z)-3-(6-Methoxy-3-Methyl-1,3-
Benzothiazol-2(3H)-ylidene)prop-1-enyl]-3-Methyl-1,3-
Benzothiazol-3-ium p-toluensulfonate (7544)

DMSO-d6: 2.282 (s, 3H, CH3), 3.721 (s, 6H, OCH3), 3.753
(s, 6H, NCH3), 6.346 (d J=12.6 Hz , 2H, α-H chain), 7.049 (d

J=9.3 Hz , 2H, Ar-H), 7.110 (d J=7.8 Hz , 2H, Ar-H), 7.468
(tJ=12.8Hz, 1H, β-H chain), 7.468–7.588 (m, 6H, Ar-H).
Melting Point 262–263 °C.

6-Methoxy-2-[(1E, 3Z)-3-(6-Methoxy-3-Methyl-1, 3-
Benzothiazol-2(3H)-ylidene)-2-Ethyl-Prop-1-enyl]-3-
Methyl-1, 3-Benzothiazol-3-ium Perchlorate (7545)

1.339(t, J=7.2 Hz, 3H, CH3 (Et)), 2.882 (q J=6.9 Hz, 2H,
CH2 (Et)), 3.851 (s, 6H, OCH3), 3.893 (s, 6H, NCH3),
6.296 (s, 2H, α-H chain), 7.207 (d J=9.0 Hz , 2H, Ar-H),
7.675 (s, 2H, Ar-H), 7.746 (d J=9.0 Hz , 2H, Ar-H). Melting
Point 246–247 °C.

6-Hydroxy-2-{(1E)-2-[(Z)-(6-Hydroxy-3-Methyl-1,3-
Benzothiazol-2(3H)-ylidene)methyl]but-1-enyl}-3-Methyl-
1,3-Benzothiazol-3-ium p-toluensulfonate (7520)

DMSO-d6: 1.305 (tJ=6.9Hz, 3H, CH3 (Et)), 2.277 (s, 3H,
CH3), 2.850 (q J=7.2 Hz , 2H, CH2 (Et)), 3.840 (s, 6H, N-
CH3), 6.243–6.302 (d, 2H, α-H chain), 7.016 (d J=8.7 Hz ,
2H, Ar-H), 7.103 (d J=7.8 Hz , 2H, Ar-H), 7.408 (s, 2H, Ar-
H), 7.474 (d J=7.8 Hz , 2H, Ar-H), 7.630 (d J=9.3 Hz , 2H,
Ar-H), 10.125 (broadened s, 2H, OH). Melting Point 267–
268 °C.

5-Methoxy-2-[(1E,3Z)-3-(5-Methoxy-3-Methyl-1,3-
Benzothiazol-2(3H)-ylidene)prop-1-enyl]-3-Methyl-1,3-
Benzothiazol-3-ium p-toluensulfonate (7513)

DMSO-d6: 2.282 (s, 3H, CH3), 3.752 (s, 6H, OCH3),
3.835 (s, 6H, NCH3), 6.444 (d J=12.6 Hz , 2H, α-H chain),
6.967 (d J=8.4 Hz , 2H, Ar-H), 7.106 (d J=8.1 Hz , 2H, Ar-H),
7.209 (s, 2H, Ar-H), 7.477 (d J=7.8 Hz , 2H, Ar-H), 7.617
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(tJ=13.5 Hz , 1H, β-H chain), 7.804 (d J=8.7 Hz , 2H, Ar-H).
Melting Point 259–260 °C.

5-Methoxy-2-[(1E,3Z)-3-(5-Methoxy-3-Methyl-1,3-
Benzothiazol-2(3H)-ylidene)-2-Methylprop-1-enyl]-3-
Methyl-1,3-Benzothiazol-3-ium p-toluensulfonate (7519)

DMSO-d6: 2.280 (s, 3H, CH3), 2.540 (s, 3H, CH3), 3.881
(s, 12H (6H N-CH3+6H, OCH3), 6.412 (s, 2H, α-H
chain), 7.028 (d J=8.7 Hz , 2H, Ar-H), 7.103 (d J=7.8 Hz ,
2H, Ar-H), 7.353 (s, 2H, Ar-H), 7.471 (d J=8.4 Hz , 2H, Ar-H),
7.908 (d J=8.7 Hz , 2H, Ar-H). Melting Point 246–247 °C.

5-Methoxy-2-{(1E)-2-[(Z)-(5-Methoxy-3-Methyl-1,3-
Benzothiazol-2(3H)-ylidene)methyl]but-1-enyl}-3-Methyl-
1,3-Benzothiazol-3-ium p-toluensulfonate (7514)

DMSO-d6: 1.315 (s, 3H, CH3), 2.277 (tJ=7.2 Hz, 3H, CH3

(Et)), 2.277 (s, 3H, CH3), 2.875 (q J=6.9 Hz, 2H, CH2

(Et)), 3.881 (s, 6H, OCH3), 3.890 (s, 6H, N-CH3), 6.336
(s, 2H, α-H chain), 7.027 (dd J1=8.7, J2=2.4, 2H, Ar-H),
7.102 (d J=8.1 Hz, 2H, Ar-H), 7.366 (d J=1.8 Hz, 2H, Ar-H),
7.467 (d J=8.4 Hz, 2H, Ar-H), 7.911 (d J=9.0 Hz, 2H, Ar-H).
Melting Point 150–151 °C.

5-Hydroxy-2-[(1E,3Z)-3-(5-Hydroxy-3-Methyl-1,3-
Benzothiazol-2(3H)-ylidene)-2-Methylprop-1-enyl]-3-
Methyl-1,3-Benzothiazol-3-ium p-toluensulfonate (7515)

DMSO-d6: 2.278 (s, 3H, CH3), 3.787 (s, 6H N-CH3), 6.348
(s, 2H, α-H chain), 6.867 (d J=9.0 Hz, 2H, Ar-H), 7.103–
7.121 (m (s+d), 4H, Ar-H), 7.480 (d J=8.1 Hz, 2H, Ar-H),
7.777 (d J=9.0 Hz, 2H, Ar-H), 10.230 (s, 2H, OH). Melting
Point 276–277 °C.

Results and Discussion

Fluorescence Properties of the Dyes in Free Form
and in Presence of Monomer Insulin

Spectral characteristics of the free trimethinecyanines in
buffer and in presence of monomeric insulin are presented
in Table 1. The dye Thio T that is commonly used for
fluorescent detection of amyloid fibrils was taken as a
reference dye.

For studied trimethine cyanine dyes maxima of excitation
spectra were detected within the range from 558 to 573 nm,
and fluorescence spectra maxima were situated between 574
and 588 nm. Values of Stokes shifts, observed for the dyes
were small (between 9 and 19 nm) that is typical for
trimethinecyanines. The low intrinsic emission values (I0)
were detected for the dyes containing substituents in the

polymethine chain (2–20.4 a.u.). The intrinsic fluorescence
intensities observed for the meso-unsubstituted trimethine-
cyanines 7544 and 7513 (91 and 60.3 a.u. respectively)
were significantly higher than for their meso-substituted
analogues. For Thio T the excitation and emission maxima
were located at 410 and 472 nm, respectively; its intrinsic
intensity was low (2.5.a.u).

Upon addition of the monomeric insulin to the solution,
for the majority of dyes the slight shift of fluorescence
excitation maxima (up to 3 nm) was observed. For the
cyanines 7519, 7514 and 7515 excitation maxima positions
did not shift. Positions of emission maxima in the presence
of native insulin for almost all of the dyes were slightly
shifted to the short-wavelength region (maximum shift was
5 nm for 7519), while for cyanine 7545 it remained
unchanged. Stokes shifts for the studied dyes in momo-
meric insulin presence were in the similar range as for the
free dyes buffer solution, namely between 8 and 17 nm.

The addition of native insulin resulted into the slight
increasing of emission intensity for the dyes with hydroxyl
substituents in heterocycles (7515, 7520, 7523). For other
dyes, which contain methoxy substituents the noticeable
decrease of fluorescence signal was observed. Especially
such decrease (up to 3 times comparing with buffer
solution) was pronounced for the meso-unsubstituted dye
7513. It should be noted that addition of monomer insulin
slightly influenced fluorescent characteristics of Thio T.

Spectral Properties of the Dyes in the Presence of Fibrillar
Insulin

Fluorescence characteristics of the cyanines in the presence
of fibrillar insulin are presented in Table 1.

The addition of fibrillar insulin to the dye solutions
resulted in a bathochromic shift of excitation maxima
positions (16–25 nm) compared to those for free dyes.
Emission maxima positions for the studied dyes in the
presence of fibrillar insulin were red-shifted by 9–20 nm
relatively to those in buffer. The wavelengths of excitation
and emission maxima of Thio T were respectively 449 nm
and 481 nm. The addition of fibrillar insulin to the
trimethine cyanine dyes solutions led to the fluorescence
intensity increase in ~1.3–43 times. The exception was
meso-ethyl substituted dye 7514, containing methoxy
groups in 5,5′-positions, which decreased fluorescence
intensity in fibrillar insulin presence (If/I0=0.74).

This was caused by strong aggregation processes of the
dye, which occurred in the presence of fibrillar protein. The
maximum corresponding to the dye aggregates was also
manifested in the emission spectrum (as described in
Section “Aggregation of the Dye 7514 in Presence of
Fibrillar Insulin”). It should be also noted, that further
increase of insulin fibrils concentration (up to 3.4 μM)
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resulted in about 10-fold emission enhancement for 7514
dye. Another meso-ethyl substituted dye (7545) containing
6,6′-methoxy groups also demonstrated sharp intensity
enhancement (from ~2 up to ~15 times) upon increase of
fibrillar insulin concentration (from 1 μM up to 2 μM)
(data are not presented).

At the same time, for the meso-ethyl substituted dye
containing hydroxyl groups (7520) moderate emission
intensity increase (If/I0 up to ~3.1) was observed. In this
case further increase of insulin concentration only slightly
enhanced fluorescence intensity of the dye.

The high emission level in presence of fibrillar insulin
was noticed for meso-unsibstituted cyanines 7544 and
7513. However, because of high intrinsic fluorescence of
these dyes, the observed value of emission increasing was
insignificant (If/I0 ratio ~1.3).

It should be admitted that the highest emission
increase in the presence of fibrillar insulin was observed
for meso-methyl substituted dyes 7523, 7519 and 7515
(If/I0 was respectively ~9.1, ~25.8 and ~43 times) (Fig. 3).
The 5,5′-substituted cyanines 7519 and 7515 in complex
with insulin demonstrated the top emission enhancement
value (up to ~43 times) together with noticeable fluores-
cence intensity, which considerably exceeded that for
Thio T.

Based on these data we can conclude that presence and
structure of meso-substituent is critical for the ability of dye
to increase emission in the presence of fibrillar insulin.
Dyes with meso-methyl subsistent were selected for further
determination of their specificity to fibrillar proteins of
various amino acids composition. Besides, for obtaining of
amyloid-sensitive dyes the incorporation of 5,5′- substitu-
ents seems to be more efficient compared with 6,6′-
substituents.

Sensitivity of Dyes to the Fibrillar Proteins of Various
Amino Acid Compositions

To study the ability of dyes to give fluorescence response in
the presence of fibrillar proteins of various amino acid
composition, such proteins as BLG, lysozyme and mutant
ASN A53T in both monomer and fibrillar forms were used.
Experiments were carried out for the meso-methyl-
substituted dyes (7519, 7515 and 7523) and obtained
results are presented in the Table 2. It was shown that dyes
gave significant fluorescent response in presence of used
amyloid proteins. Excitation and emission maxima of dyes
in complexes with studied fibrillar proteins were close to
these observed in presence of insulin.

For the 7519 dye, that contains methoxy groups in 5,5′-
position, the lowest emission increasing upon addition of
fibrillar proteins (in about 12 times) was observed in the
presence of lysozyme (If=57 a.u.). Emission intensity
values of this dye in complexes with fibrillar BLG and
ASN A53T were higher (80 and 95 a.u. correspondingly).
At the same time this dye slightly changed its emission in
the presence of monomeric form of all proteins studied.

The dye 7515 containing hydroxyl groups in 5,5′-
positions gave the same fluorescent response (intensity
increase in about 11 times) when complexed with BLG and
ASN A53T (38 and 36 a.u. correspondingly), while its
emission in the presence of lysozyme was higher - about
52 a.u.(about 16 times). This dye slightly (in ~2.9 times)
increased emission intensity upon addition of monomeric
BLG, but it remained unchangeable in presence of
monomeric lysozyme and ASN A53T.

Unexpectedly high level of emission was observed for
the 6,6′-hydroxy substituted dye 7523 in complex with
fibrillar BLG (134 a.u., emission increasing is about 48
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Table 1 Selected characteristics of fluorescence spectra of the dyes in free form, in presence of native and fibrillar insulin

Dye name Free dye In presence of native insulin In presence of fibrillar insulin

λex, nm λem, nm I0, a.u λex, nm λem, nm Im, a.u λex, nm λem, nm If, a.u

Thio T 410 472 2.5 410 473 2.7 449 481 40

7513 573 588 60.3 570 586 23.7 597 605 78.52

7514 567 576 13.4 567 575 8.7 590 594 10

632* 6

7515 567 578 2 567 576 2.2 585 595 86

7519 562 581 5 562 576 3.5 580 590 129

7520 564 579 4.3 566 576 6 584 599 13.4

7523 558 574 3 556 573 4.1 583 593 27.4

7544 566 582 91 565 580 70 590 599 120

7545 566 578 20.4 565 578 15 582 594 43

λex—excitation maximum wavelength, λem—emission maximum wavelength, I0—intrinsic fluorescence intensity of the dye, Im—emission intensity of
dye in the presence of monomer protein, If,—emission intensity of dye in the presence of aggregated protein, a.u.—arbitrary units, *—aggregation band.



times). In the presence of fibrillar lysozyme and ASN A53T
the dye fluorescence was considerably lower (24.4 and
44 a.u. correspondingly). It should be mentioned that in
presence of monomeric BLG noticeable (about in ~10
times) emission increase was observed, while addition of
other monomeric proteins insignificantly changed fluores-
cence of the dye. Such essential emission enhancement
both in the presence of fibrillar and monomeric BLG could
be explained with the unspecific external binding of 7523
dye to this protein.

Determination of the Linear Range of Fibrillar Insulin
Detection with the Dye 7519

For the trimethinecyanine 7519, estimation of the effective
detection range of fibrillar insulin was described earlier
[16]. Here the mentioned range was evaluated more
carefully by titration of a 5 μM solution of the dye with
increasing amounts of protein. Figure 4 shows the
dependence of fluorescence intensity of the dye on the
concentration of added fibrillar insulin. The linear range
and detection limits for 7519 were calculated from the
measured fluorescence intensities. The lower detection limit
was considered to be the protein concentration, in presence
of which fluorescence intensity of the dye increased two
times as compared to free dye.

It was shown, that fluorescence intensity of the 7519
increased two times (up to 11 a.u.) in presence of fibrillar
insulin in concentration of ~1.5 μg/ml. The maximum
fluorescent intensity value for this dye (391 a.u.) was
registered in the presence of ~120 μg/ml of fibrillar insulin.
In such a way, use of 7519 dye allows quantitative
detection of fibrillar insulin in the range of 1.5 μg/ml–
120 μg/ml. The obtained detection limits are comparative to
those for commercially available amyloid-sensitive dyes
[21, 22].

Table 2 Fluorescent characteristics of dyes 7515, 7519 and 7523 in presence of various aminoacids composition proteins in monomer ([M]) and fibrillar
([F]) forms

Dye Free dye In presence of BLG In presence of Lys In presence of ASN A53T

λex, nm λem, nm I, a.u [F] [M] [F] [M] [F] [M]

λex, nm λem, nm If, a.u Im, a.u λex, nm λem, nm If, a.u Im, a.u λex, nm λem, nm If, a.u Im, a.u

Thio T 408 470 2.2 447 476 22.3 5.3 440 480 8.2 3.1 451 480 34.7 2.7

7515 566 580 3.4 586 593 38 9.8 587 597 52 3.3 581 592 36 3.0

7519 560 578 4.6 583 591 79.7 4.9 584 593 57 4.6 581 591 95 3.8

7523 558 574 2.8 583 593 134 27 568 594 24.4 4.2 578 591 44 2.7

λex—excitation maximum wavelength, λem—emission maximum wavelength, I0—intrinsic fluorescence intensity of dye, Im—emission intensity
of dye in the presence of monomeric protein, If—emission intensity of dye in the presence of aggregated protein, a.u.—arbitrary units; BLG—β-
lactoglobulin; Lys—lysozyme; ASN A53T—α-synuclein, mutant form A53T.
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Fig. 3 Emission spectra of cyanine dyes 7515 (A) and 7519 (B) in
TRIS-HCl buffer, pH=7.9 and in presence of monomeric and
aggregated into fibrils insulin
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Aggregation of the Dye 7514 in Presence of Fibrillar
Insulin

As it was mentioned above, in the fluorescence spectra of
the dye 7514 in presence of fibrillar insulin we registered
the band shifted to the long-wavelength region relatively to
that of monomer dye. It was supposed that this band could
belong to the 7514 J-aggregates formed on the insulin
fibrils. Thus the spectral properties of 7514 in presence of
fibrillar insulin were studied in detail.

Absorption spectra of the dye in free form and in
presence of different concentrations of fibrillar insulin are
presented in Fig. 5. In the free dye spectrum, the band with
maximum near 553 nm corresponding to the free dye
monomer could be observed. Besides, bands near 450, 492
and 512 nm which are possibly connected with the dye H-
aggregates were manifested.

Upon fibrillar insulin addition, several changes occurred
in the absorption spectrum. First, the free dye monomer
maximum decreased, while the new maximum appears at
590 nm corresponding to the monomer dye/fibril com-
plexes. Second, the H-aggregate bands intensities decrease
is observed. While the short-wavelength H-bands decrease
almost completely upon fibrils addition, the band at 515 nm
is almost constant at the fibrils concentrations studied.
Finally, the small shoulder near 630 nm appears upon
addition of fibrillar insulin (Fig. 5). Its possible nature will
be discussed below.

Fluorescence excitation and emission spectra of 7514
(5×10−6 M) in presence of 1.7 μM of fibrillar insulin are
presented at Fig. 6. It could be seen that the spectra
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Fig. 5 Absorption spectra of 7514 (5×10−6 M) in free form in TRIS-
HCl buffer, pH=7.9 and in presence of fibrillar insulin (0.85–5.1 μM)
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Fig. 4 Dependence of fluorescence intensity of cyanine 7519 (5×10−6 M)
on the fibrillar insulin concentration (in TRIS-HCl buffer, pH=7.9)
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Fig. 6 Fluorescence emission (1–3) and excitation (4) spectra of 7514
(5×10−6 M) in presence of fibrillar insulin (1.7 μM) in TRIS-HCl
buffer, pH=7.9. Fluorescence emission was excited at 515 nm,
580 nm and 610 nm, fluorescence excitation spectrum (dashed line)
was registered for 670 nm emission
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Fig. 7 Fluorescence excitation (left) and emission (right) spectra of
7514 (5×10−6 M) in free state in TRIS-HCl buffer, pH=7.9 (dash) and
in presence of 1.7 μM of fibrillar insulin (solid). Fluorescence
emission was excited at 515 nm, fluorescence excitation spectrum
was registered for 670 nm emission
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contained several bands. Among them, first of all,
emission band at 603 nm should be named, which
corresponded to the excitation band at 590 nm. These
bands could be attributed to the emission of the
monomer dye/fibrillar insulin complexes. Second, the
excitation (633 nm) and emission (636 nm) maxima,
which were not observed for the free dye solution,
could be attributed to the dye J-aggregates formed on
the insulin fibrils due to the narrow bands, long-
wavelength position and small Stokes shift.

Third, the excitation maximum at 515 nm is also
connected with the J-band at 636 nm. Besides, if we
compare spectra excited at 515 nm and 610 nm (Fig. 6), we
clearly see the long-wavelength emission near the 636-nm
J-band in the former case. Thus the 515-nm excitation
maximum corresponded at least partially to the non-
intensive broad emission band near 700 nm. Such bands
are characteristic for the fluorescence emission of the H-
aggregates [23, 24]. It is seen from the Fig. 7 that the
515 nm excitation band is not manifested in the free dye
spectrum. This leads us to the conclusion that the 7514 H-
aggregates are formed on the insulin fibrils.

At the same time, as it was mentioned above the 515 nm
maximum was manifested in the excitation spectrum of the
636 nm J-aggregate emission. This could be explained by
the excitation energy transfer (FRET) from the dye H-
aggregates formed on the fibrils to the J-aggregates (Fig. 8).
The second possible explanation was that the 515 nm
excitation band is the complicated one and includes, except
the H-aggregate band, another allowed absorption transition
of J-aggregates [25].
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Fig. 9 Fluorescence emission spectra of 7514 (5×10−6 M) in
presence of different fibrillar insulin concentration (0.85, 1.7, 3.4,
5.1 and 6.8 μM) excited at 515 nm (TRIS-HCl buffer, pH=7.9).
Arrow points the insulin concentration increase

Fig. 8 Schematic representation of the excitation energy transfer from
H-aggregates to J-aggregates. S0 are the ground electronic energy
levels, while S1 are the excited levels that are split (absorption
transitions are possible to the levels marked by solid lines and
prohibited to these marked by dashed lines). Solid and dashed arrows
are radiative (absorption (abs) and fluorescence (fl)) and non-radiative
(energy transfer (ET) and internal conversion (IC)) transitions
respectively. Dashed arrows show possible pathways of the excitation
energy transfer from H- to J-aggregate

Fig. 10 Possible structures of H- and J-aggregates formed on the
fibrillar insulin, built with the help of the HyperChem 8.0 program
package, seen from various sides. Fibrillar structure was modeled as
the parallel poly-alanine β-sheet. J-aggregate was built as a dimer for
the demonstration of the aggregate structure, but it is supposed to
consist of higher number of dye molecules
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We have also compared the emission spectrum depen-
dence on the increasing concentrations of fibrillar insulin
(Fig. 9), that resulted in the enhancement of relative
contribution of first the J-aggregate (at 636 nm) and than
the bound monomer (at 603 nm) bands, while this of the H-
aggregates decreased. Such behavior is consistent with our
assumptions about the bands nature. We could suppose that
the H-aggregate structure formed on the fibril was more
compact than the J-aggregate one, since the H- and J-
aggregates generally had the “card-pack” and “head-to-tail”
structures respectively [26]. Thus the rather small protein-
to-dye concentrations ratios were the most appropriate
conditions for the dyes H-aggregate formation on the fibrils
that was also supported by the absorption spectra (Fig. 5).
Upon increasing the fibrillar insulin concentration, we
suggested the dye molecules to form J-aggregates or to
bind to the fibrils as monomers.

Based on the conclusion about the formation of both H-
aggregate and J-aggregate structures of 7514 on the insulin
fibrils, and an assumption of the energy transfer between
them, we proposed the possible structure of these aggre-
gates packing in the fibril (Fig. 10). It was supposed that
the dyes binding to the fibril occurred in the groove of the
beta-sheet [27]. Besides, since we have supposed that the
excitation energy transfer takes place from the H- to the J-
aggregates, the model was built so that the transition dipole
moments of H- and J-aggregate structures were oriented in
parallel one to another.

Conclusions

Series of benzothiazole trimethine cyanine dyes, contain-
ing methoxy or hydroxy substituents was studied by
spectral-luminescent methods as possible fluorescent
probes for detection of amyloid formations using insulin
as model protein.

Dyes 7519 and 7515 in presence with fibrillar proteins
demonstrated the highest emission increase (26 and 43 times
approximately) and fluorescence intensity level that signifi-
cantly overpasses that of Thio T. Besides they give strong
fluorescent response on the presence of various aggregated
proteins (lysozyme, BLG and ASN A53T). For dye 7519
detection range of fibrillar insulin was 1.5 μg/ml–120 μg/ml,
which is comparable with those of commonly used dyes.
Thus cyanines 7519 and 7515 could be proposed for
detection and quantification of amyloid formations in vitro.

Meso-ethyl substituted dye 7514 forms fluorescent J-
aggregates as well as low-intensive H-aggregates bound to
the fibrillar structure of insulin. Excitation energy transfer
from H-aggregates to J-aggregates was suggested. The
model of the H- and J-aggregate packing in the protein
fibrillar structure was proposed.
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