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Fluorescent sensors and probes have attracted attention
because of their high sensitivity and exceptional ease of

handling relative to their radioactive counterparts.[1–3] Com-
binatorial chemistry is now widely used in the medicinal/
pharmaceutical field and in chemical biology for the discovery
of novel biologically active molecules or drug candidates,[4,5]

yet the application of this method to fluorescence dyes is only
in its infancy. A few early examples include oligopyridines,[6]

coumarins,[7, 8] oligonucleotides,[9] and conjugated polymers.[10]

We previously reported the first combinatorial wide-color-
range fluorescent styryl library by solution-phase chemistry
and their potential application as organelle-specific probes.[11]

Here we report the first solid-phase synthesis of a styryl
library and its application as amyloid sensors.

Amyloids result when protein misfolding leads to the
formation of ordered secondary structures rich in cross-b-
sheets, which are present as fibrillar deposits in tissues.[12] The
formation of amyloids has been associated with a large
number of protein-misfolding diseases including type II
diabetes, Alzheimer1s, Parkinson1s, Huntington1s, mad-cow
disease, and others.[13, 14] Of the many amyloidoses, Alzheim-
er1s disease (AD) is the fourth leading cause of death in the
United States and the most common cause of adult-onset
dementia.[15, 16] The deposition of b-amyloid (Ab) aggregates
in brain tissue is one of the hallmark characteristics of AD,
and the histological staining of the deposits is crucial for the
diagnosis of AD.[17] Whereas thioflavin T or S (ThT or ThS)
and Congo red (CR) are widely used as detection agents for
amyloids, neither of these are considered accurate enough for
the quantitative estimation of fibril formation.[18–21] Congo red
is not fluorescent (thus the sensitivity is low), whereas ThT (or
S) is a blue-emission dye, which often interferes with
autofluorescence from tissue or other small-molecule com-
ponents in the assay system. Therefore, sensor dyes that are
more sensitive and assay-friendly which can stain biological
tissue have been sought.

The styryl scaffold is formed by a condensation reaction of
aldehydes and pyridinium salts, which are widely available
commercially and easily prepared starting materials. A series
of resins and reaction routes were tested, however, the best
results, both in yield and purity, were obtained when 2-
chlorotrityl resin 1 (BeadTech Inc., Korea) was used as the
first linker-protecting group (Scheme 1). Two different ami-
noalcohols with 2- or 6-carbon-atom chains were loaded onto
the 2-chlorotrityl resin, and the alcohol groups were mesy-
lated for subsequent treatment with picoline moities. Four
picoline and three quinoline derivatives were chosen as R1

building blocks to give solid-supported pyridinium salts 5. 64
aldehyde R2 building blocks that contain various function-
alities and have various lengths and electron-donating or
withdrawing properties are outlined in Scheme 2 (page 6333).
Condensation of the solid-supported pyridinium salts 5 and
the aldehydes was effectively performed under microwave
irradiation. The addition of diluted TFA (1%) then led to the
facile release of the final styryl dye compounds 7 from the
resin (10 min). All of the synthesized compounds were
analyzed by LC/MS, and 320 components were selected
based on their purity for further study (average purity: 82%;
purity data for individual compounds are available in the
Supporting Information). Also, the lmax values of the fluores-
cence excitation and emission bands of the library compounds
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were recorded with a Gemini XS fluorescent plate reader
(data available in Supporting Information). The compounds
in the library cover practically the whole color range from
blue to red. These 320 compounds were tested for amyloid
sensing without further purification.

Primary screening of amyloid sensing was carried out with
insulin amyloid fibrils generated from fresh insulin which
were induced to aggregate at low pH conditions to form a
cross-b-sheet secondary structure.[22] (A representative
atomic force microscope (AFM) picture of the insulin
amyloid fibrils used in this work is provided in the Supporting
Information). The formation of insulin amyloids, a character-
istic of injection-localized amyloidosis, occurs through kinetic
mechanisms that are similar to those for other amyloidogenic

proteins such as Ab peptides, a-syn-
uclein, and transthyretin, and its rate
is highly accelerated under stressful
conditions such as elevated temper-
ature or low pH.[23,24] 13 compounds
from the 320 compounds in the
library were selected based on the
observed increases in their fluores-
cence intensities upon addition of
insulin amyloid fibril (relative to the
dye or fresh insulin alone; see
Figure 1), and their spectroscopic
properties are summarized in
Table 1. Promisingly, some of the
compounds, such as 2C32 and 2C9,
displayed dramatic increases in fluo-
rescence intensity (663- and 736-
fold) that were much better than
the known standard dye ThS (42-
fold). The fluorescence of many of
the compounds demonstrated a red
shift after binding with insulin amy-
loid fibril (Figure 1) which is a favor-
able property for the reduction of
background signals and also for
ratiometric measurements. The
longer emission wavelengths of
2C32 and 2C9 may also allow for
the screening of blue-green fluores-

cent inhibitors of amyloid formation, which was not possible
with ThS or ThT.

We further tested the 13 selected compounds in synthetic
Ab40 and Ab42 aggregates. The two Ab variants, Ab40 and
Ab42, which differ by truncation at the carboxyl terminus, are
the predominant plaque proteins in AD.[25] All of the dyes
showed comparable increases in their fluorescence emissions.
Interestingly, all of the styryl compounds showed higher
sensitivities to fibril Ab40 than to fibril Ab42 (Ab40:Ab42=
0.8–3.5), in contrast to ThS (Ab40:Ab42= 0.4). Furthermore,
the 13 candidates and ThS were tested for the in vitro staining
of fixed AD mouse-brain sections. Images of the amyloid
stained with the two most-effective compounds, 2C40 and
2E10, are shown in Figures 2 and 3. As 2C40 displays red

Scheme 1. Solid-phase synthesis of the styryl dyes 7: a) thionyl chloride, CH2Cl2, room temperature,
2 h; b) ethanolamine (n=1) or 6-amino-1-hexanol (n=3), CH2Cl2, room temperature, 3 h; c) meth-
anesulfonyl chloride, NEt3, CH2Cl2, room temperature, overnight; d) pyridine derivative (R1), NMP,
80–908C, overnight; e) aldehyde (R2), pyrrolidine, NMP, 80 W microwave, 6 min; f) TFA (1%) in
CH2Cl2, 10 min. NMP=N-methylpyrrolidone.

Figure 1. Color changes of the 13 “hit” compounds observed under irradiation with a Blak–Ray 365-nm UV lamp. Each set of 3 samples contains
the dye (200 mm) alone in HCl (0.5 mL, pH 1.4; left), with fresh insulin (1 mgmL�1, 0.5 mL, pH 1.4; center), and with insulin amyloid fibrils
(1 mgmL�1, 0.5 mL, pH 1.4; right). The dyes are numbered according to the length of the linker (2 or 6), the letter corresponding to R1 (A–G),
and the number corresponding to R2 (1–64; see Scheme 2).
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fluorescence and 2E10 displays green fluorescence, these
compounds may be good complementary-color dye substi-
tutes for ThS (blue). We observed that our new dyes are at
least as sensitive as ThS in terms of labeling aggregates and
showed 100% colocalization with ThS-labeling in 50 plaques
assayed (two brain-slices each). Interestingly, compared to

ThS, which stains the peripheral area of the plaque, our
compounds mainly stained the core of the amyloid plaque.

In summary, we have reported the first solid-phase
parallel synthesis of a styryl dye library that comprises 320
dye compounds. Through in vitro amyloid screening, 13 new
amyloid sensors were identified of which two show outstand-

Scheme 2. Components (linkers, pyridine derivatives R1, and aldehydes R2) for the parallel syntheses of the styryl dyes. Bn=benzyl.
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ing promise as assay probes (2C32 and 2C9) and two others
show promise as brain-imaging agents (2C40 and 2E10). This
report demonstrates the high potential of the combinatorial
approach in the development of novel sensors as well as in the
established medicinal chemistry field. The study of systematic

structure–property relationships of the library compounds, and
in vivo amyloid imaging studies are currently underway.[26]
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Table 1: Fluorescent properties of the 13 “hit” compounds from the styryl library.

Compound
Code[a]

Buffer[b] Fresh Insulin[b] Insulin Amyloid Fibrils[b] n-Fold Increase

lex [nm] lem [nm] lex [nm] lem [nm] lex [nm] lem [nm]
Insulin Amyloid
Fibrils[c]

Ab40 Fibrils[d] Ab42 Fibrils[d]

ThS 385 445 385 445 450 482 42 10 23
2C32 425 537 426 539 548 593 663 276 85
2C40 433 565 432 568 505 590 20 27 20
2C9 392 536 390 537 538 585 736 173 62
2E4 366 443 367 445 447 522 29 23 9
2C37 406 545 405 545 453 572 8 7 5
2C8 423 529 421 536 450 547 7 11 14
2G32 473 590 473 594 453 585 7 7 2
2B7 375 515 371 513 417 509 18 9 6
6A9 417 526 424 527 447 515 6 9 7
6A7 371 521 372 525 392 520 6 6 5
6A10 361 495 361 494 379 494 6 5 6
2E10 441 491 441 492 464 503 185 30 16
2D26 394 550 395 550 434 527 4 4 3

[a] The styryl dyes are numbered according to the length of the linker (2 or 6), the letter corresponding to R1 (A–G), and the number corresponding to
R2 (1–64): see Scheme 2. [b] lmax values for the excitation and emission bands of ThS and the “hit” compounds as solutions in aqueous HCl (pH 1.4)
recorded with a Hitachi F-2500 FL Spectrophotometer. [c] n-fold increase in fluorescence intensity of the dye in insulin amyloid fibrils relative to the
control (EDTA (1 mm) in PBS) at pH 4.0. [d] n-fold increase in fluorescence intensity of the dye in Ab40 and Ab42 fibrils relative to the control (EDTA
(1 mm) in PBS, pH 7.4) measured with a Gemini XS plate reader.

Figure 2. a) Fluorescence spectra of 2C40 (25 mm) with Ab40 fibril (green line; 30 mL of a 0.5-mgmL�1 solution in PBS (pH 7.4) containing EDTA
(1 mm)), and Ab42 fibril (purple line; 30 mL of a 0.5-mgmL�1 solution in PBS solution (pH 7.4) containing EDTA (1 mm)) compared to a control
buffer solution (dark blue line; 30 mL of a solution of PBS (pH 7.4) containing EDTA (1 mm)). b) Labeling of amyloid deposits with 2C40 in a slice
of mouse brain (red, indicated by arrows). The image was taken with a charge-coupled device camera. c) Confocal microscopy image of amyloid
deposits labeled with 2C40 (red) and ThS (blue); note that 2C40 preferentially labels the core of deposits.
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Figure 3. a) Fluorescence spectrum of 2E10 (25 mm) with Ab40 fibril (green line; 30 mL of a 0.5 mgmL�1 solution in PBS solution (pH 7.4) contain-
ing EDTA (1 mm)), and Ab42 fibril (purple line; 30 mL of a 0.5 mgmL�1 solution in PBS solution (pH 7.4) containing EDTA (1 mm)) compared to
a control buffer solution (dark blue line; 30 mL of a solution in PBS (pH 7.4) containing EDTA (1 mm)). b) Labeling of amyloid deposits in a slice
of mouse brain with 2E10 (green, indicated by arrows). c) Confocal microscopy image of amyloid deposits labeled with 2E10 (green) and ThS
(blue); note that 2E10 preferentially labels the core of deposits.
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