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ABSTRACT: Styryl-cyanine dyes, a class of conjugated organic molecules, have emerged as essential tools in bioimaging
due to their exceptional optical properties. This review highlights recent advancements in the development of these
dyes for bioimaging nucleic acids, cellular organelles, and proteins. Key molecular design strategies for developing
target-specific probes and an overview of synthesis approaches, mechanisms of action, and biomolecular interactions
are discussed. These insights underscore the versatility and critical role of styryl-cyanine dyes in advancing bioimaging
technologies, offering enhanced capabilities for visualizing and understanding complex biological processes in living
cells at the molecular levels.
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INTRODUCTION

Bioimaging has become an indispensable technique for
investigating living cells — the fundamental units of
life — and understanding complex biological processes
within them. Such understanding provides valuable
insights that can drive the development of new diag-
nostic and therapeutic approaches. Suitable imaging
agents tailored to specific applications enable effective
bioimaging. Apart from selectively interacting with
the desired target to be visualized and possessing
convenient excitation and emission wavelengths, ideal
imaging agents should also exhibit the following char-
acteristics: ability to penetrate the membranes to reach
the target, low cytotoxicity, and photostability. Con-
sequently, developing novel dyes with the abovemen-
tioned desirable properties has attracted significant
attention from researchers. In recent years, fluores-
cent organic dye molecules, typically highly conjugated
aromatic compounds, have emerged as key tools for
bioimaging. Their structures can be flexibly designed
to achieve desirable physicochemical, biological and
optical characteristics while maintaining low toxicity.
Cyanine dyes (Fig. 1) are highly conjugated or-
ganic molecules characterized by the presence of two
nitrogen atoms, one bearing a positive charge and
the other remaining neutral. A polymethine bridge
connects these nitrogen atoms with an odd number
of conjugated carbon atoms. The nitrogen atoms in
cyanine dyes may exist in an open-chain configuration
or be incorporated into heterocyclic structures such
as pyrrole, imidazole, thiazole, pyridine, quinoline,
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indole, and benzothiazole. When only one of the nitro-
gen atoms is part of a heterocyclic ring, the resulting
structure is classified as a hemicyanine dye [1].

Styryl dyes are a class of conjugated organic
molecules featuring the styryl group (Ar—CH = CH—)
connected to another aromatic ring system. In typical
styryl dyes, one of the aromatic rings is electron-rich,
and another is electron deficient, thereby creating a
donor-m-acceptor or push-pull system which is funda-
mental for its unique optical properties (Fig. 1). The
electron-deficient part is frequently a heteroaromatic
group such as pyridine, benzothiazole or quinoline. In
such cases, the molecule shares structural similarities
with cyanine dyes and is often referred to as styryl-
cyanine or styryl-hemicyanine dyes [2].

Styryl-cyanine dyes have been known for more
than a century. Historically, they have been developed
as sensitizers for photographic applications [3]. The
ease of synthesis, tunable structure and optical proper-
ties, and good photostability make these dyes useful for
many other applications, including laser dyes [4], dye-
sensitized solar cells [5], optoelectronic devices [6],
and non-linear optical materials [7]. More recently,
they have been widely used as histological stains [8],
fluorescent chemosensors [9-12], probes for specific
enzyme activity [13, 14], as well as for biomolecules
such as nucleic acids and proteins [15]. Previous
reviews on styryl dyes and their applications were
published over ten years ago [2,16]. Another recent
review emphasizes the synthesis of styryl dyes for
application in non-linear optical (NLO) materials [17].
This review aims to focus on recent advancements
in the molecular design of styryl-cyanine dyes with a
donor-m-acceptor configuration, with special emphasis

www.scienceasia.org


http://dx.doi.org/10.2306/scienceasia1513-1874.2025.s008
http://www.scienceasia.org/
mailto:vtirayut@chula.ac.th
www.scienceasia.org

Cyanine dyes

\ﬁWN/ e
| | I
Open chain Closed chain Hemicyanines

cyanines cyanines

Traditional synthetic methods

Knoevenagel reaction base/acid

S 0, catalyzed
N H R,
|
Ry
Wittig reaction
X =C, N (Ar/Het)
®

PPh; [0} base
R1‘@—/ + N FRe T RA-
X H X

Horner-Wadsworth-Emmons (HWE) reaction

X =C, N (Ar/Het)
0, OEt

N/
P-OEt 0, base
R1_€>_/ + ¢ R, —> R4
X H X
Rz@—LG
X

Heck reaction
X =C, N (Ar/Het)

Pd catalyst
—_— A
Base R

ScienceAsia 51S (1): 2025: ID 20255008

Styryl-cyanine dyes

1

z®

-

Nucleic acid-templated synthesis
Faikhruea K, et al (2024) [24]

Heteroaromatic

late.
ornP
0 substrate

‘bo

H

&

EDG EDG

Aromatic
aldehyde

Fluorogenic
responsive
styryl dye

Fig. 1 Generic structures and synthesis strategies of styryl-cyanine dyes.

on visualization and bioimaging of macromolecular
components in the cells, including nucleic acids, cel-
lular organelles, and proteins. The detection of ions
and small molecule targets is not included to keep the
review concise and focused. Even with such a limited
scope, the review is not meant to be comprehensive
but to highlight selected recent advancements in the
field and showcase contributions from our group to this
critical research area.

SYNTHESIS STRATEGIES

The synthesis of styryl-cyanine dyes is most commonly
achieved through the Knoevenagel-type condensation,
whereby an activated methyl or methylene group re-
acts with an aromatic aldehyde to form the styryl
linkage. Typically, the dye could be straightforwardly
synthesized by heating a heterocyclic building block
bearing an activated methylene or methyl group with
an aromatic aldehyde in the presence of acetic anhy-
dride [15] or piperidine [18].

The Wittig reaction offers an alternative approach
for synthesizing styryl-linked organic compounds. In
this process, an aldehyde or ketone reacts with an
ylide, produced from a phosphonium salt, forming
styryl-based compounds [11, 19, 20]. Relating to this,
the Horner-Wadsworth-Emmons (HWE) reaction has
also been employed to synthesize styryl dyes. This
reaction involves the formation of an alkene product
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through the reaction of a phosphonate-stabilized car-
banion with an aldehyde or ketone [21]. Alternatively,
styryl dyes have been successfully synthesized via the
Heck reaction [22, 23]. This method involves coupling
an aryl halide or triflate with an alkene in the presence
of a palladium catalyst and a base to form a substituted
alkene.

Apart from these traditional approaches, a novel
synthesis of styryl dyes utilizing nucleic acid-templated
synthetic reactions has been recently developed by our
research group [24]. This strategy involves two key
coupling partners (a heteroaromatic system with an
active methyl group and an aromatic aldehyde), which
bind to a DNA or RNA template. Due to the proximity
effect, the nucleic-acid-bound starting materials effi-
ciently reacted, generating the styryl dye product in
its template-bound form under mild conditions. This
approach accelerates styryl dye synthesis and allows di-
rect evaluation of the optical properties of the resulting
dyes. Furthermore, the method enables the screening
of suitable coupling partners that selectively bind to
specific nucleic acid structures such as G-quadruplexes.
The synthesis strategies of the styryl-cyanine dyes are
summarized in Fig. 1.

Mechanisms of fluorescence change

The asymmetric donor-m-acceptor (D-7-A) configura-
tion of the styryl-cyanine dyes, often described as a
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push-pull system, is responsible for their intriguing
optical properties. Due to their dipolar nature, these
properties are highly influenced by environmental fac-
tors such as solvent polarity and viscosity. The sol-
vatochromic behavior of these dyes in solution can
be understood by comparing their permanent dipole
moments. When the excited state has a higher dipole
moment than the ground state, polar solvents prefer-
entially stabilize the excited state, reducing the energy
gap between the two states. This results in a red-
shifting of both the absorption and emission spectra
[25].

Furthermore, the styryl-cyanine dyes are classified
as molecular rotors due to their ability to adopt twisted
conformations, where one part of the molecule rotates
relative to the rest upon excitation. This behavior is
associated with a process known as twisted intramolec-
ular charge transfer (TICT), a characteristic feature of
this class of fluorophores. After absorbing a photon, a
molecular rotor can return to its ground state through
two possible pathways: from the locally excited (LE)
state or the twisted state. The energy gaps between
the LE, twisted, and ground states differ significantly.
De-excitation from the twisted state typically leads to
either a red-shifted emission wavelength or a complete
absence of fluorescence. The non-radiative relaxation
pathway is prohibited if the molecular motion is re-
stricted, such as through binding to a host molecule
or in solvents with high viscosity, thereby increasing
fluorescent quantum yield, as illustrated in Fig. 2a
[26].

Another mechanism that affects the fluorescence
of styryl dye molecules is the aggregation-induced
emission (AIE). This phenomenon occurs due to the
restriction of intramolecular rotation (RIR) in the ag-
gregated form of dyes, which limits nonradiative decay
pathways and results in strong fluorescence emission
[27-29].

INTERACTION WITH BIOLOGICAL MOLECULES
Binding to nucleic acids, organelles and proteins

Noncovalent binding modes of small molecules to nu-
cleic acid targets are classified into three major types,
as depicted in Fig. 2b. The first binding mode is
electrostatic interaction, where the negatively charged
phosphate backbones of nucleic acids attract positively
charged dyes, enabling sequence-independent bind-
ing to the nucleic acid strands. Another common
interaction found in planar aromatic or heteroaro-
matic planar dye molecules is intercalation. In this
process, the planar dye molecules are inserted and
stacked between the base pairs of DNA duplexes.
The molecules are oriented perpendicular to the helix
axis, leading to the elongation of the DNA duplex.
Specific small molecules can also bind to the minor
groove of DNA duplexes. The molecules are often
crescent-shaped and interact with DNA by forming

hydrogen bonds with the base pairs, thereby stabilizing
the DNA-ligand complex [30]. Typical intercalators
(such as ethidium and acridine orange) and groove
binders (DAPI, Hoechst 33342) also carry one or more
positive charges to enhance the interaction with DNA
via electrostatic attraction with the negatively charged
phosphate groups in the DNA.

The binding of styryl dyes to nucleic acids re-
stricts their conformational mobility, thereby en-
hancing fluorescence, as discussed above.  Sim-
ple pyridinium-based styryl dyes such as trans-4-
[4-(dimethylamino)styryl]-1-methylpyridinium iodide
(DSMI, also known as DASPMI or 4-D-1-ASB Fig. 2c)
binds to dsDNA via the minor groove binding mode
which is accompanied by a modest increase in fluo-
rescence emission (up to 10-fold) [31]. However, the
intercalating mode is possible for styryl dyes bearing
larger aromatic groups [32,33]. Unlike those in the
monostyryl structures, it was observed that styryl dyes
with bisstyryl structures are shown to aggregate along
the minor groove of DNA [34].

For effective organelle staining, the molecular de-
sign should incorporate cell-permeable abilities and
organelle-targeting groups that are selectively tailored
to each organelle’s unique characteristics (Fig. 2d)
[35,36]. A list of common organelle-targeting groups
is summarized in Table S1. The mitochondrial mem-
brane potential is characterized by a negative voltage
of approximately —180 mV, which facilitates the per-
meation of lipophilic, positively charged molecules into
the mitochondria. In the case of lysosomes, the lumen
maintains an acidic environment with a pH of around
4.5, making lipophilic amines suitable as probes for
lysosomal targeting [37]. For the cell membrane,
probe molecules require membrane-anchoring moi-
eties, such as long-chain hydrocarbons or cholesterol,
to reduce diffusion and maintain their localization
within the membrane.

Aggregated proteins are widely used as biomark-
ers for diagnosing many early-stage disorders [38].
For protein detection using molecular rotors, the dye
molecule is placed at the interface of two interacting
proteins, where fluorescence is activated due to re-
stricted molecular rotation (Fig. 2e). Desirable probes
should be able to distinguish between monomeric and
aggregated protein forms, even at similar quantities or
concentrations.

APPLICATIONS OF STYRYL DYES IN BIOIMAGING
Nucleic acids

Nucleic acids are vital biomolecules in living organ-
isms, playing a key role in transmitting genetic infor-
mation to the next generation and regulating protein
synthesis. Any abnormalities in nucleic acid produc-
tion can result in genetic disorders or defects, often
due to the production of atypical or malfunctioning
proteins. Styryl-cyanine dyes have been extensively
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utilized as nucleic acid probes due to their remarkable
optical property changes upon target binding. Re-
searchers continue to focus on advancing these dyes
to enhance their sensitivity and selectivity for nucleic
acid targets. Strategies to improve dye performance
aim to increase binding affinity to target nucleic acids,
enhance specificity for particular nucleic acid types or
structures, and investigate molecular structures that
selectively recognize specific nucleobase sequences.
This section primarily highlights recent advancements
in the development and application of styryl-cyanine
dyes for detecting RNA, double-stranded DNA, and
G-quadruplex secondary structures in guanine-rich
DNA, with special emphasis on cellular nucleic acids
bioimaging.

Styryl cyanine dyes have been extensively used for
the bioimaging of cellular nucleic acids and related
cellular structures such as ribosomes, nucleoli, and
chromosomes. Selected recent examples of nucleic
acid probes based on styryl-cyanine dyes are presented
in Table S2. In one example, simple cationic styryl ben-
zothiazolium dyes (Fig. 3a) were employed to visual-
ize the nucleolus during interphase and chromosomes
during mitosis, offering detailed insights into the cell
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cycle without affecting cell viability [39]. Further
from bioimaging, two DNA-responsive styryl-cyanine
dyes featuring an N-ethylated indole linked to either
quinolinium (Styryl-QL) or benzothiazolium (Styryl-
BT) (Fig. 3b) demonstrated significant anti-bacterial
and anti-cancer properties. These findings highlight
the styryl-cyanine dyes’ dual utility in bioimaging and
therapeutic fields [40]. In our recent study, an addi-
tional positive charge was introduced into the cationic
styryl dye molecules to enhance their binding affinity
to nucleic acids (Fig. 3c). This design strengthens
binding to target nucleic acids through electrostatic
interactions with the negatively charged phosphate
backbone [32]. These dicationic styryl dyes exhib-
ited significantly higher affinity for double-stranded
DNA (dsDNA) and produced stronger fluorescence and
colorimetric responses than monocationic dyes. They
were successfully applied for the in vitro detection of
bacterial DNA, serving as a prototype for point-of-care
platforms for foodborne pathogen detection [32,41].
Applications for cellular nucleic acids imaging were
also demonstrated in HeLa cells, whereby cellular RNA
and nucleoli were found to be the primary target [32].

Unless anchored on another sequence-specific
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probe [42,43], styryl cyanine dyes tend to bind in-
discriminately to dsDNA without sequence selectivity.
However, the benzothiazolium-based styryl dyes with
N-methylpiperazinyl aromatic substituents exhibited a
pronounced fluorescence response with AT-rich DNA
sequences (Fig. 3d). These dyes demonstrated pref-

erential binding to the AT-minor groove, notable sta-
bilization of the double helix, and positive induced
circular dichroism spectra [44]. In the same study, a
related dye with the N-phenyl substituent showed a
strong affinity for the Tel22 DNA G-quadruplex, albeit
with only a modest fluorescence response. In another
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report, the fluorescence of a benzothiazolium-based
styryl dye with a hydroxyethyl appendage (Fig. 3e)
was selectively enhanced in the presence of onco-
gene promoter G-quadruplexes sequences. In contrast,
negligible or weak fluorescence enhancement was ob-
served with ssDNA, dsDNA, and RNA [45]. Although
a detailed understanding of such selectivity at the
molecular level is still missing, these results suggest
possibilities for development of styryl dyes that show
selective binding or responsiveness to specific nucle-
obase sequences or secondary structures of interest.

Due to the perceived crucial biological roles of
DNA G-quadruplexes (GQ) [46, 47], the development
of fluorescent GQ-DNA probes for theranostic appli-
cations has been emerging in recent years [48]. The
approach to increase specificity towards G-quadruplex
secondary structures is to introduce a side group on
the core unit of the dye structure to increase molecular
rigidity. For instance, the styryl dye with pyridinium
core structure conjugating with the carbazole scaffold
through an ethylene bridge (E1, Fig. 3f) possessed
excellent selectivity towards G-quadruplex DNA over
duplex DNA and other biologically relevant molecules
with fluorescent turn-on signal [49]. Another exam-
ple involves a quinolinium-based dye with a dimethy-
lamino aromatic substituent, where the introduction
of a methylpiperidine side group to the quinolin-
ium core significantly enhanced its selectivity for the
quadruplex structures of c-myc pu27 (A3, Fig. 3g).
The dye also exhibited high binding affinity toward
these G-quadruplex structures [50]. According to a
2022 study, the affinity and fluorescence response of
benzothiazolium-based styryl-cyanine dyes to different
G-quadruplex DNA structures is determined by the
charge and length of the side chain groups attached
to the nitrogen atom of the benzothiazolium core. The
results revealed that dyes with N-methyl and N-ethyl
side chains displayed higher affinity for G-quadruplex
DNA compared to the anionic sulfonate side chain
(Fig. 3h). Notably, the dye with an N-ethyl side chain
could induce conformational changes in both bcl-2 and
KSS G-quadruplexes. Furthermore, all the compounds
investigated in this study promoted the folding of bcl-2
from a coiled structure to a hybrid G-quadruplex form
[51].

Dyes that can distinguish RNA from DNA are
typically designed with non-coplanar aromatic
moieties. These structures facilitate selective
interaction with RNA secondary structures via 7-
stacking while minimizing undesirable intercalation
or groove binding with DNA. For instance, the dye
(E)-4-(2-(5-(9-phenyl-9H-carbazol-2-yl) thieno[ 3,2-
b]thiophen-2-yl)vinyl)-1-propylpyridin-1-ium (PCTP)
(Fig. 3i)) was developed using 9-phenylcarbazole as
an electron donor and a pyridinium heteroaromatic
as an electron acceptor. Incorporating a thieno[3,2-
b]thiophene unit extends the 7t-conjugation, enhances
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intramolecular charge transfer (ICT), and induces
a red shift in the fluorescence emission peak. This
design enables the dye to distinguish RNA from DNA
in solution and cells, exhibiting high selectivity and
sensitivity toward RNA [52].

Furthermore, the design of three-dimensional lig-
ands (3D ligands), which are non-coplanar aromatic
structures capable of engaging with RNA secondary
structures via 7-stacking while minimizing nonspecific
intercalation or groove binding, offers a promising
approach to improving RNA selectivity. In 2022, a
[2.2]paracyclophane (pCp) moiety was incorporated
into the nonselective 2-(4-dimethylamino-styryl)-3-
methyl-benzothiazolium styryl dye (Fig. 3j). The re-
placement of the phenyl ring with the pCp unit re-
sulted in a dye with significantly higher RNA selectivity
compared to the traditional nonselective dye [21]. In
addition to structural modifications, selective stain-
ing of RNA dyes can be achieved through enzyme-
digestion-based screening. This method involves stain-
ing cells with the studied compounds, followed by
enzymatic digestion of cellular DNA and RNA using
DNase and RNase, respectively. Fluorescent probes
with RNA specificity exhibit a loss of fluorescence
after RNase treatment, while no significant change is
observed following DNase treatment. A recent study
[53] reported a new RNA-specific styryl dye based
on a hit compound identified through the enzyme-
digestion screening assay in their previous research
[54]. The hit compound obtained from this study,
QUID-2 (Fig. 3k), demonstrated superior performance
compared to the commercially available RNA staining
probe, SYTO RNASelect. It exhibited high selectivity,
enhanced sensitivity, low cytotoxicity, and excellent
photostability. A similar enzymatic digestion strategy
has demonstrated that cellular RNA acted as a template
for styryl dye formation in living cells instead of DNA
[24].

Organelles

Organelles staining is essential for studying cell dy-
namics and functionality. However, the availability
of commercially produced dyes that specifically target
particular organelles remains limited, and their use
often requires technical expertise. As a result, re-
searchers have been actively developing novel staining
agents that can selectively label specific organelles
while minimizing cytotoxicity. Styryl-cyanine dyes
have emerged as a promising class of staining dye for
this purpose. This section focuses on recent progress
in developing and applying styryl-cyanine dyes for
selective staining of cellular structures, including mito-
chondria, lysosomes, cell membranes, and stress gran-
ules. Selected recently developed dyes for visualizing
specific cellular organelles are summarized in Table S3.

Molecular design strategies to achieve selective
binding to specific organelles often involve incorpo-
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Society).

rating known targeting groups or introducing specific
structural modifications within the fluorophore skele-
ton. The net negative membrane potential across
the mitochondrial matrix is exploited for mitochon-
dria staining using fluorescent probes with a net pos-

itive charge [37]. Positively charged cyanine dyes
such as MitoTracker Green and MitoTracker Deep Red
(Fig. 4a) have been widely utilized as effective stain-
ing agents for mitochondria. The compound trans-
2-(4-(dimethylamino)styryl)-1-ethylpyridinium iodide
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(DASPEI) is a representative styryl dye that has been
used to stain mitochondria of live cells and measure-
ments of mitochondrial membrane potentials [55].
The mitochondrial accumulation depends on the mem-
brane potential and is accompanied by a substantial
fluorescence enhancement. Fluorescence lifetime mea-
surement suggested the partial insertion of the DASPEI
molecule in the outer leaflet of the inner mitochondrial
membrane with polar methylpyridinium moiety favors
interactions with the outer leaflet, leaving the hy-
drophobic aniline moiety aligns with lipid hydrocarbon
chains [56].

Many research groups have subsequently devel-
oped mitochondria-targeting styryl-cyanine dyes with
structural similarities. For instance, a styryl pro-
fluorescence probe with a 4-nitrobenzyl masking group
was designed to visualize mitochondria based on the
specific action of the mitochondrial nitroreductase
(NTR) enzyme [57]. In this case, the dyes with or
without the triphenylphosphonium as a mitochondria-
targeting group (MitoP-3 or MitoP-2, Fig.4b) per-
formed equally well, indicating that the NTR activity
alone is sufficient for precise targeting of mitochondria
[58]. In 2022, a novel mitochondria-specific fluo-
rescent turn-on probe (BYM, Fig. 4c) was developed,
featuring a benzo-indole core with a p-morpholino-
substituted styrene moiety. [59]. The probe exhibited
high photostability and selectively targeted mitochon-
dria without entering the nucleus, as demonstrated
by cell imaging studies. Furthermore, the pyridinium
core structure has been recognized as a key component
for efficient mitochondrial targeting. This finding has
been further supported by recent studies (Fig. 4d,e)
[60, 61], where dyes incorporating a pyridinium group
demonstrated mitochondria-specific localization capa-
bilities.

Due to their excellent nucleic acid staining ability,
styryl-cyanine dyes may also penetrate the nucleus and
exhibit a fluorescent response to nucleic acids in the
nucleus. Selective localization of the dye between
the nucleus and mitochondria could be achieved and
demonstrated radiometrically by a styryl dye bearing
a benzothiazolium moiety linked to a 4-hydroxy-3,5-
dimethoxystyryl group (ETHC, Fig. 4f). This design
leverages the pH-responsive nature of the phenolic
hydroxyl group, which exhibits two distinct major
absorption bands under acidic (neutral form) and basic
conditions (deprotonated form). As a result, two
excitation channels corresponding to low and high pH
environments were established, enabling differential
staining of organelles with varying pH characteristics.
Since the nuclear matrix is acidic and the mitochon-
drial matrix is basic, the dye can permeate both or-
ganelles, as confirmed by colocalization experiments
with commercial organelle-specific staining dyes. In
the acidic environment of the nucleus, the dye ex-
ists in a protonated form, requiring a lower excita-
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tion wavelength (blue channel). Conversely, under
the basic environment of the mitochondria, the dye
adopts a deprotonated form, allowing excitation at a
higher wavelength (red channel). This dual-staining
capability facilitates precise localization of the dye in
cells, enabling distinct visualization of organelles with
different pH profiles. Additionally, the developed dye
offers the ability to track pH changes in mitochondria,
providing a potential tool for detecting cellular ab-
normalities linked to pH fluctuations. This capability
opens new avenues for diagnostic applications related
to mitochondrial dysfunction and cellular homeostasis
[62].

In an advanced example, a dye capable of migrat-
ing from mitochondria to the nucleus upon light stim-
ulation was reported [63]. The SPP probe (Fig. 4g)
was designed by incorporating an N-arylpyridine unit,
a positively charged DNA-affinity group, onto one
side of the styryl skeleton to enhance DNA selectivity
and promote mitochondrial accumulation. A bis(2-
(ethylsulfanylethyl)amino) group was introduced as
an aromatic substituent to increase steric hindrance
within the DNA grooves. This structural modification
enables the dye to dissociate from mitochondrial DNA
(mtDNA) when the internal stress of the DNA double
helix is relieved upon exposure to visible light, driving
its migration from the mitochondrion to the nucleus.

The lipid bilayer structure of the cell membranes
consisted of hydrophilic phospholipid heads and hy-
drophobic tails. The commercially available styryl-
based FM dye family, such as FM1-43 (Fig. 4h), intro-
duced in the early 1990s, is widely used for cell mem-
brane staining and visualizing dynamics processes such
as membrane internalization and endosome recycling
[64,65]. The dye suffers certain limitations, such as
the lack of affinity and inefficient staining in fixed cells,
susceptibility to internalization by endocytosis, and
broad absorption and emission spectra. Nevertheless,
favourable optical properties and high photostability
of the dye suggest that it could be a prototype for
further development. To create dyes specific to cell
membranes, membrane-anchoring moieties, such as
long alkyl chains or biomolecules like cholesterol, must
be incorporated into the dye molecule. This design
minimizes the diffusion of the probe into the cells. In
2020, a styryl dye bearing a pyridinium group tethered
with cholesterol successfully targeted the cell mem-
brane and showed strong interaction with liposomes
(Fig. 4i) [60]. Moreover, the design of neutral zwitte-
rionic dyes with long amphiphilic groups was shown
to enhance the cell membrane marker performance
by reducing cross-talk and improving the brightness
as well as the photostability while maintaining high
membrane affinity for various cell types (Fig. 4j) [66].

For lysosome staining, lysosome-specific probes
are often designed to include a basic amine func-
tionality such as the dimethylaminoethylamide group,
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which serves as a targeting moiety to direct the fluo-
rophore toward the acidic lysosomal lumen (pH 4.5)
[37]. In addition, the benzothiazolium group it-
self had also been proven to be a lysosome-targeting
group [67]. Thus, novel lysosome-targeting styryl-
cyanine dyes with a benzothiazolium core and triph-
enylamine group were developed, and they exhibited
precise lysosomal targeting in Hela cells (Fig. 4k)
[68]. Furthermore, these dyes could generate sin-
glet oxygen upon irradiation, making them potentially
useful for photodynamic therapy. The introduction
of selenium atom has been demonstrated to play an
important role in lysosome targeting. In 2020, a
specific localization in lysosomes of an indolenium-
based hemicyanine dye containing a xanthene-phenyl-
seleno aromatic moiety was reported. In addi-
tion, the dyes also exhibit viscosity-dependent fluo-
rescence, making them applicable to monitor changes
in lysosomal viscosity [69]. Another subsequently
developed benzo[d][1,3]selenazole styryl dye (BZ-
Se, Fig. 41) demonstrated preferential localization in
lysosomes while the corresponding benzo[e]indole-
dye distributed equally in mitochondria and lysosomes
[70]. These results further confirmed the crucial role
of the selenium atom in facilitating lysosome-specific
targeting.

Stress granules (SGs) are membrane-less or-
ganelles in eukaryotic cells formed by a congregation of
RNA-protein binding via liquid-liquid phase separation
when translation initiation is restricted. In recent
years, SGs have attracted extensively because of their
vital signaling and cellular response, such as oxidative
stress, heat shock, or viral infection. Hence, power-
ful tools for investigating the assembly, disassembly,
or dynamic changes of SGs in cells have emerged.
Traditionally, immunofluorescence and fluorescence in
situ hybridization (FISH) are utilized, but the high
cost and unsuitability for live-cell monitoring limit
these techniques [71,72]. Over the past decades, a
few styryl-cyanine dyes have been developed as small
organic fluorescent probes for SG imaging. In 2021,
TASG, a styryl-cyanine dye featuring a piperazinyl-
substituted benzothiazolium core linked to a julolidine
aromatic unit, was successfully established (Fig. 4m)
[73]. The dye exhibited weak fluorescence in non-
stressed HeLa cells but concentrated in and lit up
after SGs formation under stress conditions. The
dye showed strong fluorescence co-localization with
the reference SG marker blue fluorescent-G3BP1 with
excellent Pearson’s coefficient. However, due to its
steric structure, TASG faced limitations in visualizing
small nascent SGs and monitoring SG dynamics in
live cells. Subsequently, the same group developed a
modified version of TASG, named TASG-8, by removing
the piperazinyl group from the benzothiazolium unit
(Fig. 4n) [74]. TASG-8 exhibited superior performance
compared to TASG, effectively labeling small nascent

SGs with improved clarity.

Protein aggregates

Numerous fluorescence dyes have been developed to
detect protein aggregation, which serves as a potential
marker for frontotemporal dementia and other neu-
rodegenerative diseases. Traditionally, the commer-
cially available molecular rotors Thioflavin S (ThS)
and Thioflavin T (ThT) dyes are widely used to vi-
sualize protein aggregates, including those linked to
neurodegenerative disorders such as Alzheimer’s dis-
ease [75]. However, their short emission wavelengths
(500-550 nm) present a significant drawback, as aut-
ofluorescence in biological tissues can interfere with
the fluorescence signals, making them less suitable
for deep-tissue imaging. Furthermore, these emission
wavelengths overlap with conventional nuclear stain-
ing dyes such as DAPI [76]. Thiazole Orange (TO),
a well-known cyanine dye initially developed for DNA
staining purposes, has been identified as an effective
amyloid marker owing to its significant fluorescence
enhancement upon binding to amyloid fibrils. This
enhancement results from restricted intramolecular
rotation and intermolecular dye aggregation [77]. The
structures of common dyes for amyloid bioimaging
are illustrated in Fig. 5a. The quinolinium and ben-
zothiazolium units, derived from the core structures
of Thioflavin and Thiazole Orange, along with struc-
turally related derivatives such as benzoxazolium and
indolenium moieties, have thus emerged as the frame-
works for subsequent development of novel dyes used
in amyloid protein detection. Representative exam-
ples of dyes showcased in this review are included in
Table S4.

Several styryl-cyanine dyes have been reported
as promising agents for detecting amyloid protein
aggregates [19,78,79]. Compared with ThT, the
styryl-cyanine dye structure incorporates an extra dou-
ble bond between the acceptor thiazolium salt and
donor dialkylaminophenyl units. The extended -
conjugation contributes to the red-shifting of the emis-
sion spectra and also introduces an additional rota-
tional degree of freedom to enhance the difference in
fluorescence quantum yields between rigid and aque-
ous environments. In 2021, two benzothiazolium-
based styryl dyes with piperidinyl and methylpiper-
azinyl aromatic substituents were reported (RB1 and
RB2, Fig. 5b). The piperidinyl-substituted styryl dye
(RB1) exhibited significantly improved properties com-
pared to the conventional ThT dye. It demonstrated
a 76 nm red shift in absorption maxima and a 112-
fold increase in fluorescence upon binding to amy-
loid fibrils, along with a stronger binding affinity for
a-synuclein fibrils. These attributes make it highly
suitable for imaging intracellular a-synuclein fibrils
with minimal cytotoxicity. The dye RB2, featuring
a methylpiperazinyl aromatic substituent, exhibited a
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lower affinity for a-synuclein fibrils than RB1, but it
still outperformed the ThT dye [80].

In 2021, a benzoxazolium-based styryl dye with
dimethylamino aromatic substituent (D-16, Fig. 5c)
was identified as a specific probe for detecting
pathological amyloid fibrils, particularly those of f3-
lactoglobulin. The dye demonstrated higher selectiv-
ity against other biomolecules, including monomeric
insulin, amyloid fibrils of insulin, monomeric beta-
lactoglobulin, monomeric lysozyme, fibrillar lysozyme,

www.scienceasia.org

and Fig. 5e is reproduced with permission from Ref. [83]

bovine serum albumin, as well as low- and high-
molecular-weight DNA [81].

In 2022, a series of styryl dyes (RM-24 to RM-28,
Fig. 5d) with an N -ethylated benzothiazolium core was
developed for the selective detection of amyloid beta
(AP) aggregates associated with Alzheimer’s disease
[82]. Among them, RM-28 emerged as the most ef-
fective fluorescent probe, demonstrating strong affinity
and high sensitivity (7.5-fold fluorescence increase). It
can efficiently cross the blood-brain barrier in mice and
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was successfully used to detect AR aggregates in 3xTg-
AD brain sections and in vitro assays. Notably, RM-
28 exhibits high specificity for AP aggregates, showing
no binding to intracellular proteins like bovine serum
albumin (BSA) or a-synuclein (a-Syn) aggregates.

Our group recently reported a new set of styryl-
cyanine dye derivatives with the quinolinium and in-
dolenium core structures (Fig. 5e) and studied their
interactions with tau aggregates in vitro and living
cells. The dye 4, which incorporates a quinolinium
moiety with two cationic sites, showed a significant
28-fold increase in fluorescence when bound to tau
aggregates. It also successfully stained tau aggregates
in living cells, as confirmed by confocal fluorescence
microscopy. A molecular docking study further sup-
ported these binding interactions [83].

CONCLUSION AND FUTURE PERSPECTIVES

In conclusion, styryl-cyanine dyes play a significant
role in bioimaging technologies, with proven util-
ity in visualizing nucleic acids, organelles, and pro-
teins. This review highlights their versatility, recent
advancements, and underlying molecular design prin-
ciples. Future developments could focus on structural
functionalization to enhance biomolecular specificity,
reduce off-target interactions, improve photophysical
properties for high-resolution and deep-tissue imaging,
and tailor dyes for disease diagnostics and dynamic
cellular monitoring. Diversity-oriented synthesis or ra-
tional design, driven by deep molecular understanding
and computational modeling or Al, will contribute to
achieving these challenging goals. Additionally, inte-
grating dual-function capabilities, such as combining
imaging with therapeutic applications or switchable
functions based on external stimuli such as light or pH
change, will enable more complex applications. One
particular interesting application is the design of func-
tional dye that can discriminate between live and dead
cells or microorganisms [84-86]. Efforts to minimize
cytotoxicity, enhance cellular uptake, and make these
dyes more accessible through cost-effective and scal-
able synthesis are also vital for their broader adoption
in clinical and research applications. These ongoing
advancements ensure styryl-cyanine dyes will continue
to play a crucial role in bioimaging, offering profound
insights into biological processes and enabling more
effective diagnostic and therapeutic strategies.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2025.
s008. Additional references for supplementary tables are
provided in references [87-101].
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Appendix A. Supplementary data

Table S1 Common organelle-targeting groups that are employed for molecular design of organelle-specific dyes (adapted
from Ref. [35] which was published under the Creative Commons Attribution License (CC BY)).

Organelle Targeting groups Ref.

'52_@
Mitochondria @ [87,88]

£ [89]

Me

Me
/;'i‘
N®

Et [90]
R,(':),R
4 [91]
HZN—:\ @/N—(CHZ)W—N\@/ NH,
Me Me [92]
Lysosome NMe, [93]
N\
NP
[94]
S,
o
" [95]
s
Rats
FN-NH [96]
9 2
N—S—< >— —§—< >—S—NH
Endoplasmic reticulum ¥ ) § [971

4NH ©OH 4NH )
Golgi apparatus Csar Meo [97]
s
Clar
Nucleus Me [98]
H
OO0
\Y
N,
W N N/_\E)H-
® \_/ [97]
©
H/soa
IO
Cell membrane Me [99]

[100]

[101]

www.scienceasia.org


http://www.scienceasia.org/
www.scienceasia.org

S2

ScienceAsia 51S (1): 2025: ID 20255008

Table S2 Selected styryl-cyanine dyes for bioimaging of nucleic acids.

Structure Wavelength of detection Target Remarks Ref.
Aex = 543 nm DNA/RNA The dyes selectively image the nucleolus during [39]
@S/ / NEt: Aem = 600£20 nm interphase and the chromosomes during mitosis,
° N® R 1.r-p demonstrating significant potential for real-time
17 Me 2:R=0OH fluorescence monitoring of dynamic transitions
from the nucleolus to chromosomes throughout the
entire cell cycle.
Aex = 488 nm DNA The dyes exhibit selectivity toward dsDNA, can- [40]
Aem = 565 nm (Styryl-QL) cer cells, and Gram-negative bacteria (S. aureus),
and 547 nm (Styryl-BT) highlighting their dual functionality as bioimaging
agents and therapeutic tools with both anti-cancer
Styryl-QL and antibacterial properties.
o
g ©
Styryl-BT
s >_//_©_NE.Z Aex = 565 nm DNA/RNA  The dicationic dye displayed a higher binding affin- [32,41]
©[N/® d o Aem = 600 nm ity for nucleic acids compared to monocationic dye,
oMe  (MyNMe, with excellent sensitivity for dSDNA detection (LOD
e = 1.2 ng/ml or 0.07 nM in fluorescence mode).
BT2+(NEt)
7\ Aex = 442-476 nm DNA/RNA  The dyes with N-methylpiperazine substituent ex-  [44]
/©:s/>_//—©— NN Me Aem = 572-585 nm hibit a strong fluorescence enhancement with AT-
Ry N® rich DNA sequences, demonstrating binding to the
Ri minor groove.
s >—//_©,NM92 Aex = 532 nm G4DNA The dye exhibits selective binding to G- [45]
@[N/® Aem = 598 nm (Pu22/c-Myc) quadruplexes corresponding to promoter regions
) 8 (Pu22/c-Myc), with a 1:1 binding stoichiometry
Ca and an association constant (K,) of 1.12x 106 ML,
=2 Aex = 400 nm G4 DNA  The dye binds preferentially to G-quadruplex DNA  [49]
b Aem = 545 nm over duplex DNA and other biomolecules via end-
xo stacking. It can penetrate living cells, localizing
\\\ primarily in the cytoplasm with low cytotoxicity.
N
°
| Z
El
e Aex =498 nm G4 DNA  The dye exhibits high selectivity for the c-myc pu27  [50]
ﬁj Aem = 610 nm G-quadruplex structures with high binding affinity,
Y making it and also demonstrated in live cell imag-
O b ing.
N®
Me O NMe,
s >_//_<j>,,m.ez Aex = 561 nm G4 DNA  The dyes induce folding of bcl-2 DNA to form G-  [51]
@N/@ Aem = 575-630 nm quadruplex structures. The dyes with N-methyl and
R, N-ethyl side chains exhibit higher affinity for G-
2 ';:Z'é'f o quadruplex DNA than the dye with sulfonate side
26:R = NS0 chain.
@ Aex = 561 nm RNA The dye distinguishes RNA from DNA in solution [52]
] o Aem = 595-710 nm and cells, showing 52.2-fold fluorescence increase
N_e/_ upon RNA binding. It demonstrates low detec-
N ! tion limit for RNA of 2.17 pg/ml, along with low
PCTP cytotoxicity, good biocompatibility, and excellent
photostability.
Aex = 550 nm RNA The paracyclophane-based 3D dye preferentially [21]
Aem = 640 nm binds to RNA octaloops over smaller loop sizes. This
structural modification also influences the dye’s
behavior in cells, highlighting the impact of shape
design on RNA-binding specificity.
Aex = 470 nm RNA The dye shows excellent selectivity to RNA over  [53]
Aem = 555 nm DNA with low limit of detection (1.8 ng/ml in

QUID-2

solution).
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Table S3 Selected styryl-cyanine dyes for bioimaging of cellular organelles.
Structure Wavelength of detection Target Remarks Ref.
O:N Aex = 405 nm Mitochondria The dyes specifically stained the mitochondria, [58]
\©\ Aem = 520 nm as confirmed by a co-localization experiment
RN s>_//—©7°Me with MitoTracker Deep Red. The presence
\CEN’ of the p-nitrobenzyl unit allows detection of
mitochondrial NTR activity.
MitoP-2: R = Me
MitoP-3: R = (CH,)s-PPh;'I"
O Aex = 530 nm Mitochondria The dye selectively targets mitochondria [59]
O N7 O S Aem = 615 nm without entering the nucleus and exhibits high
oN® specificity for mitochondrial G-quadruplex
BYM DNA (G4-DNA).
o= NMe, Aex = 450 nm Mitochondria The dyes efficiently image and track mito- [60]
R-N{ ) Aem = 600 nm chondria, as demonstrated by co-localization
o HRIMe experiments with HeLa cells expressing FP-
: R = (CH,);0H . . . .
tagged mitochondria-specific markers, Mito-
2and3 DsRed and Mito-ECFP
e\ 7 R Aex = 488 nm Mitochondria All of the studied dyes are expected to ex- [61]
K] 7/ Aem = 595-650 nm hibit specific localization within mitochondria,
R: based on the calculated physicochemical pa-
O ~ . rameters and the binding parameter to nucleic
N %Cb' acids, LCF (largest conjugated fragment; pro-
O 3a ‘a portional to the area of the coplanar aromatic
region).
/ /
W O
o} 5a 6a
>0 %
7a 8a
EN
9a
OMe Aex = 405 nm (neutral form) Mitochondria, This pH sensitive dye exhibits two different [62]
s >_//—Q—ou 559 nm (deprotonated form) Nucleus emission bands which enables dual-channel
@:Nf® e Aem = 547 nm (neutral form) imaging of both the nucleus and mitochondria.
1© ke 603 nm (deprotonated form) The pH sensitivity also allows for monitoring
ETHC pH changes in mitochondria.
@_N = /_,SE' Aex = 486-488 nm Mitochondria, The dye migrates from mitochondria to the [63]
o\ 7\ N Aem = 600-650 nm Nucleus nucleus in the presence of light. This unique
¢ \_\SEt property allows the dye to track nucleic acid
SPP damage in both mitochondria and nuclei, pro-
viding insights into critical cellular processes
such as apoptosis.
Aex = 450 nm Cell The cholesterol-tethered styrylpyridine dye ef- [60]
Aem = 600 nm membrane ficiently stains the plasma membrane and
shows strong co-localization with the plasma
membrane labeled by ECFP-MEM.
Aex = 468 nm (SP-468), Cell The dyes were developed as cellular membrane [66]
535 nm (SQ-535) membrane probes, exhibiting a large Stokes shift and high

Aem = 600 nm (SP-468),
665 nm (SQ-535)

photostability in both live and fixed cell and
tissue samples.
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Structure Wavelength of detection Target Remarks Ref.
Aex = 530 nm Lysosome The SIN dye exhibits high specificity for lysosomes, [68]
Aem = 658-666 nm with a co-localization factor of 0.97 with Lyso-
s >_//—©~N Tracker in HeLa cells.
> 2ala
XG)
SIN: R=1,X=1
SBN: R =Br, X = Br
SCN:R=Cl, X =1
R SMN:R=H,X=1
se N Neme Aex =458nm Lysosome Tl'le dyg exhibits 'lyso.some-speciﬁ.c localization, [70]
C[ p —/ Aem = 588 nm with a high co-localization factor with LysoTracker
° NE@ (Pearson correlation coefficient, r = 0.837).
1 t
BZ-Se
N Aex = 560 nm Aggregated The dye can detect SG in fixed and live cells, ex vivo [73]
N s/ N Aem = 625-650 nm nucleoprotein  and in vivo, and reveal SG dynamics in living cells
\©:N’® (stress granules) and organisms.
crscooe Me
TASG
Aex = 560 nm Aggregated The dye offers several advantages over the original [74]
s N Aem = 613 nm nucleoprotein  dye (TASG), including the ability to effectively label
©iN’ ® (stress granules) small nascent SGs in both fixed and living cells.
e ‘Me
[}
TASG-8
Table S4 Selected styryl-cyanine dyes for bioimaging of protein aggragates.
Structure Wavelength of detection Target Remarks Ref.
Me o NMe Aex =532 nm Amyloid fibrils The dye exhibits a selective response to p- [81]
\©: ) / ' Aem =579 nm lactoglobulin amyloid fibrils amyloid fibrils, with a
N® ° 214-fold fluorescence enhancement. This is signif-
Me  he—8-0 icantly higher than other biomolecules, including
) DNA and RNA, and lysozyme amyloid fibrils.
Aex =570 nm a-Synuclein The dye exhibits a 76 nm red-shifting of absorption [80]
Aem = 605 nm (a-Syn) maxima and 112-fold fluorescence enhancement
amyloid fibrils upon binding to amyloid fibrils (K4 = 30 nM). This
shift allows selective excitation of the dye in its
bound form.
Aex = 508 nm Amyloid beta  The dye exhibits high sensitivity (7.5-fold fluores- [82]
Aem = 589 nm peptide (AP)  cence enhancement) and high affinities toward AP
aggregates (Kg = 175.69+4.8 nM).
Aex = 561 nm Aggregated The dye exhibits 28-fold fluorescence enhancement [83]
Aem = 592 nm tau protein upon binding to tau aggregates in vitro, and demon-

strated selective binding to tau aggregates in living
cells.
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