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Abstract: Monomethine cyanine dyes (MCDs) are widely applied as biomolecular probes and stains
in biochemical and biomedical research. This is based on the ability of MCDs to associate with
biomolecules (mostly nucleic acids) with significant fluorescent growth. The present review considers
the works devoted to the properties of MCDs and the influence of noncovalent interactions with
biomacromolecules on their properties, as well as their use as noncovalent probes and stains for
various biomacromolecules. The synthesis and photonics (photophysics and photochemistry; in
particular, the generation of the triplet state) of MCDs are also considered. Areas and prospects of the
practical applications of MCDs in biochemistry and biomedicine are discussed.

Keywords: monomethine cyanine dyes; nucleic acids; proteins; fluorescent probes; spectral-fluorescent
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1. Introduction

Spectral-fluorescent detection and quantification of biomacromolecules is used in
various biochemical and biomedical studies. It is widely applied in modern techniques
such as real-time PCR, gel electrophoresis, flow cytometry, blotting, etc. This method is
based on the ability of some fluorescent dyes (probes) to associate with target biomolecules
with significant changes in spectral-fluorescent characteristics. Polymethine (cyanine) dyes
can serve as such probes due to their unique properties, including, first of all, their high ex-
tinction coefficients, moderate fluorescence, and the dependence of the spectral-fluorescent
properties on the molecular environment. Additionally, notable is the ability of cyanines
to form ordered aggregates: dimers and H- and J-aggregates [1]. An important prerequi-
site for the use of cyanine dyes as probes is that they can bind noncovalently to various
biomacromolecules, which is usually accompanied by a fluorescent growth [2,3]. Cyanine
dyes contain the cyanine chromophore, which is a polymethine chain with conjugated
-C=C- bonds that typically connect N-containing end heterocycles and has an odd number
of carbon atoms. The length of this chain largely influences the dye’s spectral range of
emission and absorption. Cyanines typically have a chromophore moiety with a total
positive charge [3]. Monomethine cyanine dyes (MCD) represent a class of cyanine dyes
with the shortest polymethine chain, which consists of only one–CH= unit linking terminal
heterocyclic groups. They can be both symmetrical and unsymmetrical (Figure 1). For
simplicity, counterions in the structures of dyes are not shown.

Although the first MCD was synthesized by C.G. Williams back in 1856 [4], MCDs
have been widely used only since the early 1990s due to their application as nucleic acid
probes and labels. The MCD first used as such a probe (in reticulocyte analysis) was the
unsymmetrical dye thiazole orange (TO; 1; Figure 1) [5].

At present, MCDs (mostly unsymmetrical, both monomers and covalent dimers)
are very numerous, due to their wide use as nucleic acid probes and stains. Among the
cyanines, they are the best nucleic acid labels with very high fluorescent growth.
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Figure 1. General structure of monomethine cyanine dyes (a) with some examples of terminal het-
erocyclic groups (b); structure of dye 1 (c). 
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This review considers the works devoted to the properties of MCDs and their use as
noncovalent probes and stains for various biomacromolecules. The synthesis and photonics
(photophysics and photochemistry) of MCDs and the influence of noncovalent interactions
with biomacromolecules on their properties are also considered. Areas and prospects of
the practical applications of MCDs are discussed.

2. Synthesis of MCDs

The methods of synthesis of MCDs of various structures (both symmetrical and
unsymmetrical) were described in [6]. These include the nitrite method (using an ester or
salt of nitrous acid); the alkyl- or aryl-thio method; condensations based on reactive =N–R;
4′-cyanine condensation involving the elimination of HX + H2; Y-cyanine condensation
involving reactive I, Cl, CN, or SO3R; elimination of 2HX; and other methods. The syntheses
of MCDs with substituents in the polymethine chain were also described.

Some noticeable examples of the syntheses are presented below.
The well-known thioalkyl method for the synthesis of MCDs with benzothiazole

nuclei was used in [7]. This was a condensation reaction of a 2-thiomethylbenzothiazolium
salt with another alkylated heterocycle having an activated methyl group (Figure 2).

This method was used in a recent work [8] for the synthesis of symmetrical MCDs with
various terminal heterocyclic groups and substituents at nitrogen atoms. It is also widely
used for the synthesis of unsymmetrical MCDs with different heterocyclic residues [9–12].
The thioalkyl method was applied in the synthesis of a number of MCDs derived from
SYBR green II [13].

In [14], a new modification of this method was proposed for the synthesis of uncharged
monomethine cyanine dyes. The authors suggest avoiding the use of two quaternary
precursors, which reduces the number of steps. Monocationic and dicationic MCDs of the
TO family were prepared by the thioalkyl method under solvent-free microwave irradiation
by condensation of benzothiazolium salts with quaternary quinolone salts having a reactive
methyl group in the presence of triethylamine [15].
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Figure 2. Scheme of the thioalkyl method for the synthesis of MCDs.

The formation of toxic methyl mercaptan is a significant disadvantage of the method.
Another disadvantage is that the alkyl groups at sulfur and nitrogen atoms in the start-
ing compounds can change their positions, which leads to an appearance of byproducts
of the reaction. This disadvantage is absent in the synthesis of MCDs via melting 2-
iminobenzothiazoline with a quaternary heterocyclic salt containing a 2- or 4-methyl
group [16]. This method has been successfully applied to the synthesis of both symmetrical
and unsymmetrical MCDs (Figure 3):
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Another procedure for the synthesis of MCDs, using a sulfobetaine salt of the N-alkyl
heterocycle and a quaternary heterocyclic compound containing a reactive methylene group
(Figure 4), was also proposed [17].
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An alternative method (Figure 5) was applied to the synthesis of dicationic and trica-
tionic MCDs (benzothiazole derivatives) via condensation in a basic medium of an N-alkyl-
2-methylbenzothiazolium salt with a 2- or 4-chloroquinoline derivative [18]. In [19], the
synthesis of monocationic MCDs was carried out via condensation of quaternized salts of
2-ethylbenzothiazole and 4-chloroquinolinium in the presence of N-ethyldiisopropylamine.

Chemosensors 2023, 11, 280 4 of 40 
 

 

 
Figure 4. Scheme of the synthesis of MCDs via a sulfobetaine salt of the N-alkyl heterocycle. 

An alternative method (Figure 5) was applied to the synthesis of dicationic and tri-
cationic MCDs (benzothiazole derivatives) via condensation in a basic medium of an N-
alkyl-2-methylbenzothiazolium salt with a 2- or 4-chloroquinoline derivative [18]. In [19], 
the synthesis of monocationic MCDs was carried out via condensation of quaternized salts 
of 2-ethylbenzothiazole and 4-chloroquinolinium in the presence of N-ethyldiisopropyla-
mine. 

 
Figure 5. Scheme of MCD synthesis via 2- or 4-chloroquinoline derivative. 

In particular, in the work [20], a number of tricationic analogues of TO were obtained 
(see Figure 5), having as substituents R1 and R2 (additional cationic groups) trime-
thylammonium, triethylammonium, 1-methylpyrrolidinium, 4-methylmorpholinium, 
pyridinium, N,N-dimethylpyridinium, and 3-(dimethylammonio)propan-1-ol. The works 
[19,21] describe the synthesis and properties of a number of monocationic, dicationic and 
tricationic MCDs of the TO family, the molecules of which contain carbamoylethyl, 2-hy-
droxypropyl, and 3-chloro-2-hydroxypropyl substituents. 

The synthesis of unsymmetrical neutral pH-sensitive a MCD based on 3-phenyl-2H-
1,4-benzothiazine via its condensation with indole-3-carboxaldehyde was described (Fig-
ure 6; dye yield, ~50%) [22]: 

  

Figure 5. Scheme of MCD synthesis via 2- or 4-chloroquinoline derivative.

In particular, in the work [20], a number of tricationic analogues of TO were obtained
(see Figure 5), having as substituents R1 and R2 (additional cationic groups) trimethylam-
monium, triethylammonium, 1-methylpyrrolidinium, 4-methylmorpholinium, pyridinium,
N,N-dimethylpyridinium, and 3-(dimethylammonio)propan-1-ol. The works [19,21] de-
scribe the synthesis and properties of a number of monocationic, dicationic and tricationic
MCDs of the TO family, the molecules of which contain carbamoylethyl, 2-hydroxypropyl,
and 3-chloro-2-hydroxypropyl substituents.

The synthesis of unsymmetrical neutral pH-sensitive a MCD based on 3-phenyl-
2H-1,4-benzothiazine via its condensation with indole-3-carboxaldehyde was described
(Figure 6; dye yield, ~50%) [22]:
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Grinding at room temperature with a small amount of a catalyst was used to synthesize
a MCD in a solvent-free, effective, and environmentally friendly manner (Figure 7) [23]. The
method’s benefits include the mild conditions, good conversion, and low procedure costs.
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In [24] a new efficient procedure for the synthesis of MCDs (TO and its derivatives)
was proposed by the method of traceless cleavage of the Merrifield resin. The cleavage of
the Merrifield resin was carried out during the solid-phase synthesis of a dye. An important
advantage of the synthesis is the elimination of the long-term purification step characteristic
of the traditional liquid-phase method, which makes it possible to use the synthesized dyes
directly for biological purposes.

For the synthesis of homodimeric MCDs having 4 positive charges, the following
scheme is known (Figure 8) [25]:
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In [26] the synthesis of new dimeric MCDs based on the TO chromophore under the
action of microwave radiation was described. The synthesis is performed via the reaction
of a monomethine dye having an iodoalkyl group with tertiary diamine linkers. In [27],
the synthesis of homodimeric derivatives of dye 1 (TO) with various linkers was described
(Figure 8).

Details of the methods of MCD synthesis are summarized in Table 1.

Table 1. Details of the methods of MCD synthesis.

Reaction
Scheme

Precursor
Compound Reagents/Solvents, Conditions Temperature, Time Reaction Yield Refs.

Figure 2 Thioalkyl
derivatives

Dry pyridine or triethylamine
in ethanol 120 ◦C 68–94% [8]

N-diisopropylethylamine in ethanol
or acetic anhydride Room temperature 34–98% [9]

Trimethylamine in acetonitrile 60 ◦C 34–90% [10]
N,N-Diisopropylethylamine in

methanol, with diethyl ether added Room temperature 21–63% [11,12]

Triethylamine, dichloromethane Room temperature 10–37% [13]
Melting of compounds, then cooling,

and ethanol addition 100–110 ◦C (10–15 min) 52–95% [14]

Triethylamine,
solvent-free, microwave

260–320 W, 5–8 min;
200–240 W, 10–12 min 1

75–93%
79–90% 1 [15]

Figure 3 2-iminobenzo-
thiazoline

Melting of compounds and addition
of solvent

150–220 ◦C,
1 h 31–86% [16]

Figure 4 Sulfobetaine salt of
N-alkyl heterocycle

Melting of compounds, then cooling,
and addition of methanol 100–250 ◦C, several min 65–95% [17]

Methoxyethanol,
1-methyl-2-pyrrolidinone-2, or mix. Cooling, 10–120 min 51–95% [17]

Figure 5
2- or

4-chloroquinoline
derivative

Melting of compounds and addition
of acetone 160 ◦C, 30 min 49–83% [18]

Triethylamine in methanol with
addition of KI/H2O Cooling, 30 min 56–71% [18]

N,N-Diisopropylethylamine in
methanol Room temperature, 2–7 h 50–97% [19]

Triethylamine in methanol with
addition of KI/H2O. Room temperature, 1–2 h 51–93% [20,21]

Figure 6

3-phenyl-2H-1,4-
benzothiazine and
indole-3-carboxal-

dehyde

12 M HCl/acetonitrile; 1:4 v/v 70 ◦C, 3 h ~50% [22]
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Table 1. Cont.

Reaction
Scheme

Precursor
Compound Reagents/Solvents, Conditions Temperature, Time Reaction Yield Refs.

Figure 7 Methyl-pyridinium
iodide

Grinding of compounds (in the
presence of piperidine catalyst) of Room temperature, 13 min 90–97% [23]

Figure 8 Thiazole orange
derivative 1

2-methoxyethanol, with addition of
KI/H2O. 15 min–3 h 54–93% [25]

Microwave-assisted solvent-free
method, in the presence of

N,N-dimethylformamide and
triethylamine

70–120 W, 78–110 min 75–90% [26]

2-methoxyethanol 2–5 h 31–51% [27]
1 For dimeric dyes.

3. Photonics of MCD in Solution

The photonics (photophysical and photochemical properties) of MCDs were studied in
a number of works. Depending of the nature of the terminal heterocycles in their molecules,
the absorption spectral maxima of MCDs range from ~420 to >600 nm, with extinction
coefficients of up to 105 M−1 cm−1. Fluorescence quantum yields of MCDs in nonviscous
solvents are usually very low [10]; for example, for 1,1′-diethyl-2,2′-cyanine (2, Figure 9;
pseudoisocyanine, PIC) in ethanol, the Φf was estimated to be ~0.1% [28]. This is explained
by the ultrafast nonradiative deactivation of the excited state (S1) of MCDs.
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The dynamics of the S1 state of some symmetrical MCDs (in particular, MCD 2 (PIC),
3 (1,1′-diethyl-4,4′-cyanine), and 4 (1,1′-diethyl-2,2′-pyridocyanine); see Figure 9) were
studied by picosecond and femtosecond spectroscopy [29–34]. The ultrafast deactivation of
the S1 state of a MCD is explained by the barrierless character of its potential surface. The
deactivation leads to rapid internal conversion (S1 ~→ S0) and trans-cis isomerization via
rotation around the methine bridge (Figure 10).
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The excited-state dynamics of commonly used unsymmetrical dyes, derivatives of
oxazole yellow (YO) (5–8; Figure 11), were studied in water using ultrafast fluorescence
spectroscopy. Both the monomer and H-dimer of the dyes exhibit very weak emission;
the monomer exhibits this property due to extremely fast nonradiative deactivation with
a time constant of about 3–4 ps, while the H-dimer has weak emission due to excitonic
coupling [35].
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The ultrafast excited-state dynamics in an aqueous solution were also studied for
another widely used unsymmetrical dye, MCD 1 (TO, see Figure 1) [36]. The fluorescence
lifetime of 1 was found to be extremely short (~1 ps). This explains the very low fluorescence
quantum yield of 1 in water (~0.02%) [37].

It has been shown that the spatial configurations of both trans- and cis-isomers of 4
are nonplanar [33]. Trans- and cis-isomers of 2 were shown to exist in solution at the same
time [31]. In [38], photoisomerization of MCDs was studied theoretically. To characterize
the photoisomerization of such dyes, a Hamiltonian model for the electronic structure of a
monomethine dye was proposed. A valence bond structure can be associated with each of
the three diabatic electronic states, and the model depicts interactions between them.

The quantum yield of intersystem crossing to the triplet state of MCDs in nonviscous
solvents is usually close to zero. However, for the Te-substituted dye 12 (Figure 11; X = S,
Y = Te) it reaches 10% (heavy atom effect). It also increases in viscous solvents [34].

MCD 2 is capable of forming J-aggregates in aqueous solutions (exhibiting a narrow
absorption band with a maximum at ~573 nm) [39].

In [40], the solvatofluorochromic properties of an unusual MCD, furo [2,3-b]pyrazoloc-
yanine 13 (Figure 11), were studied. Its UV-Vis spectra are characterized by the presence
of two absorption bands, which is explained by intramolecular charge transfer in the
cyanine molecule.

4. Interaction of MCD with DNA and Other Nucleic Acids
4.1. Monomeric MCD

Binding in the minor groove and intercalation between base pairs are the two primary
types of noncovalent interactions of a cyanine dye monomer with DNA (Figure 12).
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trating the main types of complexes: (a) binding in the minor groove of the DNA molecule and
(b) intercalation between DNA base pairs, using dye 2 (molecules in blue) as an example.

Along with the monomer interaction, the formation of dye aggregates on nucleic acid
molecules is possible.

The formation of intercalation complexes is characteristic of cyanine dyes having
relatively simple and compact structures with planar aromatic terminal heterocycles. This
was shown, in particular, for 2. In [41], the interaction of 2 with dsDNA was studied
using spectral-fluorescent methods and via linear dichroism (LD) and circular dichroism
(CD) spectroscopies. It has been shown that CD and LD measurements can be used to
monitor the dye–dsDNA interaction both stoichiometrically and structurally. Dye 2 forms
two types of complexes with DNA: intercalation complexes (binding of a monomeric dye,
high equilibrium constants, and insensitivity to ionic strength), dimers and J-aggregates
in the DNA groove (due to electrostatic interaction) [41]. For intercalation complexes, the
complexation constant Ka ~ (9 ± 3) × 105 M−1 was obtained (with one dye binding site per
every second base pair); for the complex on the surface, Ka is much lower.

Unsymmetrical MCDs are widely used as nucleic acid probes. Among the dyes of
this type, excellent results were obtained for intercalative dyes TO (1, Figure 1) [5,36,42,43]
and YO (14, see Figure 13) [44,45]. A feature of these dyes is their very weak intrinsic
fluorescence in an aqueous solution (due to the effective dissipation of the electronic
excitation energy via intramolecular twisting [36,37]), which can lead to a huge relative
increase in the fluorescence intensity upon interaction with nucleic acids. In a noncovalent
dye–DNA complex, nonradiative deactivation in MCD molecules is hindered, and the
fluorescence quantum yields (Φf) increase sharply. For example, when 1 is in water,
Φf = 0.02%; when it is in the presence of dsDNA, Φf = 11% (with the binding constant
logKb = 5.5); and when it is bound to single-stranded poly(dG),Φf = 39% [43]. Dye 14 also
binds to DNA with fluorescent growth and intercalation between DNA base pairs [44,46].

Spectral-fluorescent characteristics and interaction with dsDNA of 16 new unsymmet-
rical MCDs were studied in [9]. In solutions (in an unbound form), the dyes practically do
not fluoresce; the interaction with dsDNA leads to an increase in the fluorescence intensity.
In particular, for dyes 15–19 (see Figure 13), the relative fluorescent growth was 892, 1033,
834, 437, and 340 times, respectively. The dye association constants for the new MCD
calculated using the McGhee–von Hippel model range from 2.27 × 104 to 7.58 × 105 L
mol−1. The authors suggested an intercalating mechanism for the interaction of the dyes
with DNA, but did not present additional results that can directly support this hypothesis.
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The interaction of new unsymmetrical MCD 20–26 (Figure 14), containing a benzose-
lenazole fragment, with dsDNA/RNA was studied in [11,12]. It has been shown that the
dyes interact with dsDNA with significant fluorescent growth; the dyes containing a methyl
group at the nitrogen atom in the benzothiazole core (dyes 20 and 21) were found to be
more suitable as fluorescent markers (up to a 63-fold increase in the fluorescence intensity in
the presence of dsDNA). It has been concluded that incorporation of a different heteroatom
in the dye structure can lead to a multi-fold increase in the fluorescence intensity of MCDs
bound to complexes with DNA. At the same time, the presence of Se atoms led to higher
fluorescence intensities of the corresponding free dyes [11]. MCDs containing a Se atom
have been proposed as competitive fluorescent probes for nucleic acids [11].
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Figure 14. Structural formulas of unsymmetrical MCDs 20–26 containing a benzoselenazole heterocycle.

For ligand–biopolymer interaction, CD spectroscopy provides valuable information
about the structure of the complex and the location of the ligands. Binding with DNA and
RNA induces the appearance of a CD signal of initially achiral dye molecules, and various
binding modes (intercalation, binding in grooves and binding of aggregated molecules on
the polynucleotide backbone) cause CD signals of different intensities and signs [47,48].

The influence of various substituents in the benzothiazole nuclei of unsymmetrical
MCDs containing Se on the noncovalent interaction with nucleic acids was studied via
CD spectroscopy [12]. The CD spectra of compounds 20 and 21 indicated the binding of
dye monomers in the minor groove of the AT DNA sequences, while GC-DNA induced
bisignate signals, which indicated the aggregation of the MCDs in the grooves of the helix.

The design of substituents in the terminal nuclei of MCDs can directly affect the
interaction with biomacromolecules. In [49], two guanidiniocarbonyl–pyrrole conjugates
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(GCP) of MCDs were obtained (dyes 27 and 28; Figure 15), and their interaction with
nucleotides was studied. The conjugates practically do not fluoresce in solution and exhibit
strong fluorescence in the presence of dsRNA and dsDNA nucleotides.
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Figure 15. Structural formulas of dyes: GCP conjugates of MCDs (27 and 28) and unsymmetrical
benz[c,d]indolium-containing MCDs (29–35).

In [10] the interaction of new benz[c,d]indolium-containing MCDs (see Figure 15, dyes
29–35) with dsDNA was studied by spectral-fluorescent and molecular docking methods.
The dyes were proposed as potential fluorescent probes. Docking of dye 30 showed the
possibility of the formation of complexes in the small groove of the DNA double helix, and
the constant of the complex formation of 30 with DNA was determined (~1 × 104 L mol−1).

The interaction of some TO-fluorinated analogues (dyes 36–39, Figure 16) with DNA
was investigated in [50]. It was shown that the presence of fluorine as a substituent
significantly improves the photostability and spectral-fluorescent characteristics of the dyes.
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Since Coulomb interactions play an important role in the complexation of cationic
dyes with nucleic acids, an increase in the positive charge of dye molecules due to the
introduction of additional cationic groups into the structure of cyanine dyes, as well as due
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to the use of dimeric derivatives of cyanines, can increase their affinity for DNA and other
nucleic acids.

For binding to DNA, a number of unsymmetrical MCDs with different positive charges,
40–46 (Figure 17), were synthesized and studied using spectral-fluorescent methods [51].
The dyes interact with dsDNA both via intercalation and via complexation on the surface.
Some of the studied dyes are able to distinguish between single-stranded and double-
stranded polynucleotides, exhibiting different fluorescence spectra. The detection limits
(LOD) for most of the dyes with respect to dsDNA (for dye 40, about 70 ng/mL [51]) are
comparable to those of ethidium bromide.
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Dicationic derivatives of 1, 14, and other MCDs with charged substituents at the
N-atom of quinoline or pyridine heterocycles (5, 47, 48, 49, and 50; Figure 18) and their
interaction with nucleic acids were thoroughly investigated [45,52–54]. For the detection of
nucleic acids in solution, other analogues of 1 and 14 were synthesized and proposed (see
Figure 5) [19–21,55–58].
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Figure 18. Structural formulas of different unsymmetrical dicationic dyes 47–50 and dye 51 with an
acridine terminal heterocycle.

An unsymmetrical monomethine dye, MCD 51, was synthesized, in which one of the
terminal heterocycles was an acridinium fragment [59]. In solutions (with low viscosity),
dye 51 is characterized by low fluorescence (~0.2%). Interestingly, the interaction with
dsDNA leads to a decrease in the fluorescent response of dye 51.

The interaction of a number of MCDs, derivatives of Cyan 40 (dye 52 in Figure 19),
having different substituents at the N-atom in the pyridinium fragment, with nucleic
acids was studied in [60] (dyes 52–57; Figure 19). It was shown that the nature of the
functional groups in the dye substituent affects the fluorescent properties of its complexes
with DNA [60]. In [61], the equilibrium and kinetics of the binding with DNA of dye 52
were studied using the T-jump method. The binding of the dyes proceeds via the formation
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of an external complex (a fast step), which, with time, is rearranged into a complex with
partial intercalation, which then is converted into a completely intercalated complex [62].
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Figure 19. Structural formulas of unsymmetrical MCDs 52–57 with different substituents at the
N-atom in the pyridinium fragment.

In [63], the effect of complexation with nucleic acids on the photonics of MCDs having
benzothiazole heteronuclei and their analogues, as well as five monomethinepyrylium cya-
nines and their N-methylpyridine analogues, was studied (dyes 52 and 58–65; Figure 20).
For the interaction of MCDs (in particular, dye 52) with dsDNA, a half-intercalation model
was presented. According to this model, benzothiazole or benzoxazole-based terminal nu-
clei of MCDs intercalate, whereas pyridine or pyrylium nuclei bind in the DNA groove [63].
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Figure 20. Structural formulas of unsymmetrical MCDs 58–65.

The work [64] describes the synthesis and properties of MCD 66 (Figure 21). Non-
covalent interaction of 66 with dsDNA leads to an increase in dye emission; the MCD is
proposed to replace mutagenic ethidium bromide. Note that the data on the formation of
intercalation complexes by the dye and the conclusion made in this work about a one-step
scheme of the MCD–DNA reaction leading to the formation of one type of monomeric dye
complex require additional verification.
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A number of new MCDs (67–75 in Figure 21) were synthesized and studied [65,66].
The dye absorption peaks are between 450 and 500 nm.

In solution, the dyes exhibit low emission, but some become extremely luminescent
when binding to DNA. For dye 67, a good LOD was obtained toward dsDNA (100 ng
of DNA).

In [66], a significant influence of substituents in terminal heteronuclei was revealed.
Substituents in MCD 67–73, which increase the size of dye molecules, together with the
possibility of forming H-bonds with DNA (due to the OH-groups of substituents), are
favorable for minor groove binding with dsDNA. MCD 74 and 75, which are characterized
by compact molecular sizes, can intercalate into dsDNA and dsRNA. The selectivity of
dyes 74 and 75 for dsRNA was found.

Numerous studies on various MCD fluorophores led to the emergence of a number of
commercially available nucleic acid probes (in particular, SYBR Green I, PicoGreen, SYBR
Green II, and SYBR Gold; dyes 76–79, respectively, in Figure 22) [67–72].
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It has been shown in [69] that SYBR Green I (76 in Figure 22) is capable of both in-
tercalation between dsDNA base pairs and the formation of a highly fluorescent complex
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on the surface of the double helix. Binding of SYBR Green I to ssDNA results in a sig-
nificantly lower fluorescence growth (~11-fold lower than with dsDNA). In [70], using
fluorescent methods and circular dichroism spectroscopy, the selectivity of PicoGreen (dye
77 in Figure 22) binding to dsDNA and ssDNA was studied in detail. It was shown that in
the case of interaction of 77 with dsDNA, the intercalation complex predominates. Authors
of [71] noted that the formation of intercalative complexes by dyes, as the main type of
binding with dsDNA, in some cases may limit the use of such probes. The authors [73] con-
cluded that 76 and 77 are more sensitive for detection than traditional fluorescent reporters
(ethidium bromide and Hoechst 33258) are and can quantify dsDNA at concentrations of
about 0.5–1 ng/mL.

In the work [74], using a set of methods (which include single-molecule magnetic
tweezers (MT), NMR and mass spectrometry), the structures of MCD 79 (SYBR Gold) and
76 were determined, and their binding to DNA was studied. The experiments showed that
the interaction of DNA with the dyes leads to their intercalation and is accompanied by an
increase in the fluorescence intensity of the ligands. The binding constant of 76 to DNA
was found (from the McGhee–von Hippel model) to be (3.7 ± 0.35) × 106 M−1 and the
size of the binding site was n = 1.67 ± 0.04 bases [74]. The structure of 78 (SYBR Green II;
Figure 22) was investigated in [13].

Based on the SYBR Green I and II (76 and 78, respectively; Figure 22) chromophore,
new functionalized MCDs have been developed (dyes 80–89; Figure 23) [13,75]. The design
made it possible to draw some conclusions regarding the structure–property relation-
ship, the influence of differences in heteroatoms (oxygen/sulfur) in the chromophore
and substituents.
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Upon the interaction with calf thymus DNA, the greatest increase in the fluorescence
intensity was obtained for benzoxazole dyes 81 and 82 (an increase of 11.2 and 50 times) [75].
Linear dichroism (LD) spectroscopy showed dye binding to dsDNA via intercalation [13].
The binding constants of dyes 80–89 with calf thymus DNA were 1.3–8.5 × 106 M−1 (ac-
cording to the McGhee–von Hippel model), the sizes of binding sites varying slightly
(n ~ 2.2–3.4 bases) [13,75]. The influence of substituents in heterocycles was studied; the
lengthening of alkyl chains leads to the deterioration of binding (dye intercalation condi-
tions are violated, because the sizes of nucleic acid sites increase) [13]. It was concluded [75]
that the introduction of heteroatom substituents (S and Cl, dyes 82 and 89 and 80 and 87;
Figure 23) into dye molecules increases photostability, but deteriorates the characteristics
of the dyes as probes.

Unsymmetrical MCD molecules (90–92; Figure 24) with crescent geometries that fitted
the DNA minor groove were obtained [76–79]. The aggregation of dye 92 in the presence
of DNA was discussed; dyes 90–92 bind in the minor groove of the double helix. In
the presence of DNA, the dyes have absorption maxima in the region of >500 nm. The
formation of complexes proceeds with an increase in the fluorescence intensity (14 and
50 times for 92 and 91, respectively, with a dye/DNA of ratio 1:100). Dye 91 has good
potential as a probe for mixed DNA sequences.
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The recent work [80] reports the development of MCD based on N-arylpyridocyanine
(dyes 93–97; Figure 24) as DNA probes with longer-wavelength absorption (532–561 nm
in the presence of DNA). It was found that N-aryl substituents not only shift the spectral
maxima, but also significantly increase the efficiency of binding to DNA. CD experiments
with dsDNA showed that the dyes bind in the minor groove of the double helix, which
should contribute to high selectivity for DNA against RNA. In particular, the fluorescence
intensity of dye 93 increased 1600 times when bound to DNA, while only a 110-fold increase
was observed with RNA (selectivity 14). Dyes 95 and 96, which have diethylamino and
dimethylamino groups in the para positions of the terminal nuclei, have even higher
selectivity ratios (32 and 31, respectively). The highest increase in the fluorescence intensity
in the presence of DNA was achieved for dye 96 (an increase of 3900 times). The experiments
have shown that pyridocyanine 93 specifically binds to nucleotide AT base pairs and shares
the same AATT DNA sequences with the Hoechst probe [80].

The data on the spectral-fluorescent studies of the interaction of monomeric MCD
with DNA are summarized in Table 2.

Table 2. Spectral-fluorescent properties of monomeric MCD probes in the absence (f) and in the pres-
ence (b) of dsDNA. λabs and λfl are maxima of the absorption and fluorescence spectra, respectively;
Ifl

f and Ifl
b are fluorescence intensities in the absence and in the presence of dsDNA, respectively;

ϕfl
b is the fluorescence quantum yield of the dye bound to DNA; Kb is the constant of dye binding

to DNA; τDNA is the fluorescence lifetime in the presence of DNA; and LOQ is the limit of DNA
detection (quantification).

Dye
No.

Charge
λabs

f λabs
b λfl

f λfl
b

Ifl
b/Ifl

f,
ϕfl

b (%)
Kb, τDNA, LOQ Refs.

nm

1 +1 501 508 640 527 18900 Kb = 3.2 × 105 M−1 [43,46]
14 +1 481 490 575 505 700, 36% — [44,46]
15 +1 508 519 — 544 892 Kb = 2.3 × 104 M−1

[9]
16 +1 501 519 — 545 1033 Kb = 9.8 × 104 M−1

17 +1 512 519 — 543 834 Kb = 7.9 × 104 M−1

18 +2 510 516 — 547 437 Kb = 1.27 × 105 M−1

19 +1 512 525 — 545 340 Kb = 9.8 × 104 M−1

20 +1 426 424 495 465 7 —

[11,12]

21 +1 431 433 505 480 7 —
22 +1 423 431 491 466 63 —
23 +1 427 436 497 470 59 —
24 0 405 412/434 470 474 11 —
25 0 406 412/430 472 486 5 —
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Table 2. Cont.

Dye
No.

Charge
λabs

f λabs
b λfl

f λfl
b

Ifl
b/Ifl

f,
ϕfl

b (%)
Kb, τDNA, LOQ Refs.

nm

40 +2 511 515 — 532 28% LOQ = 70 ng/mL

[51]

41 +2 502 508 — 527 18% —
42 +2 513 515 — 532 26% —
43 +2 506 508 — 530 32% —
44 +1 508 516 — 529 27% —
45 +1 513 520 — 536 0.6 —
52 +1 435 440 483 480 182 —

[60]

53 +1 446 450 483 483 202 —
54 +1 440 440 485 485 218 —
55 +1 442 442 485 488 166 —
56 +1 441 445 479 483 177 —
57 +1 442 447 485 483 198 —
58 +1 400 400 433 426 55 —

[63]
59 +1 422 425 471 462 85 —
60 +1 413 413 465 460 34 —
61 +1 437 425 520 495 70 —
62 +1 446 447 475 485 95 —
63 +1 461 465 515 520 96 —

[63]64 +1 456 461 511 514 61.4 —
65 +1 488 495 640 575 150 —
66 +1 440 487 19.14 Kb = 1.01 × 104 M−1 [64]
67 +1 475 — 630 499 360 —

[65,66]

68 +1 452 — 545 481 50 —
69 +1 474 — 495 499 20 —
70 +1 453 — 518 480 40 —
71 +1 474 — 599 498 250 —
73 +1 476 — 500 499 100 —
75 +1 461 — 512 515 5 —
76 +1 494 498 530 525 1500, 69% τDNA = 6.94 ns [73,81]
77 +1 498 480 528 520 1000, 64% τDNA = 6.84 ns, Kb = 4.3 × 106 M−1 [81]
79 +2 486 494 550 543 1000, 66% τDNA = 8.58 ns [74,81]
80 +1 491 511 — — 18% Kb = 1.4 × 106 M−1

[75]
81 +1 464 492 — — 100% Kb = 8.5 × 106 M−1

82 +1 487 503 — — 76% Kb = 4.6 × 106 M−1

88 +1 488 515 — — 68% Kb = 5.8 × 106 M−1

89 +1 514 535 — — 14% Kb = 2.3 × 106 M−1

90 +2 448 467 542 492 16 —
[79]91 +2 482 463 588 487 340 —

92 +2 487 516 590 561 130 —
93 +1 510 532 535 546 1600 τDNA = 0.62 ns

[80]94 +1 512 536 537 553 2500 τDNA = 0.86 ns
95 +1 520 552 592 600 3900 τDNA = 1.5 ns
96 +1 524 561 605 612 1700 —

4.2. Dimeric MCD Probes

Additionally, widely used as probes are dimeric MCDs based on TO, YO, benzothiazole
orange, etc., in which pairs of cyanine chromophores are linked by cationic bridges (in
particular, TOTO and YOYO; 98 and 99, respectively; see Figure 25) [25,46,52–54,81–88].
The general scheme for the synthesis of dimeric MCDs having 4 positive charges is shown
in Figure 8 (see the previous section).
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The dimeric dyes 98 and 99 practically do not fluoresce in solution, but upon interac-
tion with dsDNA form electrophoresis-resistant complexes with a greater than 1000-fold
fluorescent growth [46]. The stability of complexes of dye 98 with ssDNA was studied
in [82] by transferring TOTO from complexes to an excess of unlabeled DNA using gel
electrophoresis. Complexes of 98 with DNA were also studied using spectral-fluorescent
and CD spectroscopy. It was shown that the affinity of the polycationic dyes for ssDNA
and dsDNA could be equally high. In [81], the interaction of dyes of various types (in
particular, 99, 76, 77, and 79 (see Figure 22) with ssDNA and dsDNA was studied. Upon
the interaction with ssDNA, a broadening of the absorption and fluorescence bands was
observed (compared to those of dsDNA). With gel electrophoresis, MCD 98 and 99 allow
the determination of restriction fragments of nucleic acids from 600 to 24,000 base pairs.
The limit of detection for dsDNA on agarose gel was 4 pg (excitation with a confocal laser),
which is about 500 times better than that for ethidium bromide [46]. It was shown in [87]
that homodimeric MCDs demonstrate strong fluorescent growth upon binding to ssDNA
and dsDNA (LOD (dsDNA): ~1.7 ng/mL). An increase in the fluorescence intensity of 98
and 99 by three orders of magnitude upon binding to nucleic acids dyes was noted in [88].
The dependence of fluorescence intensity on the DNA concentration is linear in the range
from 0.5 to 100 ng/mL (for dye 98 complexed with DNA; see PDB structure 108D [84]).

Binding of 98 and 99 to DNA and oligonucleotides was also studied by one and
two-dimensional 1H NMR spectroscopy [84–86]. Dyes 98 and 99 tend to form several
types of complexes with dsDNA; the interaction with oligonucleotides occurs due to
bisintercalation. In this case, the main factors in the stabilization of dye–DNA complexes
are non-electrostatic forces (hydrophobic interactions and hydrogen bonds). In [89] the
interaction of intercalating dyes 5 and 99 with dsDNA was studied using a combination
of fluorescence optical microscopy and an optical tweezer setup. It has been shown that
intercalation of the dyes between DNA base pairs leads to strand elongation. Total internal
reflection fluorescence microscopy (TIRF) was used to elucidate the kinetic characteristics
of MCD 99’s interaction with DNA [90].

The interaction of dyes 5, 99 and their derivatives with DNA was investigated using
fluorescence stationary and ultrafast time-resolved techniques to elucidate the mechanism
of MCD emission growth [91]. It was shown that the formation of H-dimers (weakly
fluorescent) is less effective than the formation of MCD isomers for obtaining a good
emission contrast. Optimization of the structure of molecules (in particular, the introduction
of additional cationic groups) can reduce the contribution of aggregation and increase the
sensitivity of probe dyes.

The interaction of four monomeric and dimeric MCDs, 14 (Figure 13), 5, 48 (Figure 18),
and 99 (Figure 25), with bacteriophage T5 was investigated in [45]. The studied MCDs
were shown to penetrate inside the viral capsid and bind to the viral nucleic acid. The rate
of binding also depends on the structure of the dye molecule; an increase in the size of the
molecule slows down the process. At 37 ◦C, for monomeric MCD 14, the process takes
several minutes, while for dimeric 99 it takes more than 50 h.

The high sensitivity and stability of the complexes of dimeric MCDs with nucleic acids
explain the research interest in new compounds of this type. The study of the interaction of
dimeric MCD 100–103 (Figure 26) with ds-polynucleotides and poly-rA–poly-rU showed
the selectivity the of new dyes for GC base pairs compared to that of AT [27]. The presence of
a positively charged linker results in a significant increase in the fluorescence intensity of the
dyes upon binding to GC nucleotides (with AT, the increase is much lower). In experiments
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on thermal melting, the dimeric dyes are characterized by weaker stabilization of DNA
polynucleotides (weaker than that of the monomeric analogues), which is a consequence
of the aggregation of 100–103 inside the hydrophobic grooves of polynucleotides (CD
spectroscopy also showed aggregation).
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Dimeric and trimeric cyanine dyes 104 and 105 (Figure 26) based on pyridocyanine 52
(see Figure 19) were obtained [92]. The spectral-fluorescent properties of the synthesized
dyes and their complexes with nucleic acids were studied. In the absence of DNA, the dyes
are mainly in the form of H-aggregates; interaction with DNA leads to their decomposition
and the formation of highly fluorescent complexes of monomeric dyes. Under conditions
of excess DNA, the trimeric dye 105 shows a 1.5–3-times higher increase in the fluorescence
intensity than the dimeric dye 104 does. With an excess of the dyes, the formation of
H-aggregates on DNA is observed (DNA-induced aggregation). These aggregates have
different spectral properties than the dye aggregates without DNA do. This effect can be
used for more sensitive detection of DNA [92].

The data on the spectral-fluorescent studies of the interaction of homodimeric MCDs
with DNA are summarized in Table 3.
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Table 3. Spectral-fluorescent properties of homodimeric MCD probes in the absence (f) and in
the presence (b) of dsDNA. λabs and λfl are maxima of the absorption and fluorescence spectra,
respectively; Ifl

f and Ifl
b are fluorescence intensities in the absence and in the presence of dsDNA,

respectively, Ifl = Ifl
b – Ifl

f; Kb is the constant of dye binding to DNA; τDNA is the fluorescence lifetime
in the presence of DNA; and LOD is the limit of DNA detection.

Dye
No.

Charge
λabs

f λabs
b λfl

f λfl
b

Ifl
b/Ifl

f,
Ifl (a.u.)

Kb, τDNA, LOD Ref.
nm

98 +4 481 513 — 533 1400 τDNA = 1.96 ns, LOD ~ 4 pg/mL (gel) [42,46,82]

99 +4 488 489 549 509 3200 Kb = 3.9 × 106 M−1, τDNA = 2.3 ns, LOD
~1.7 ng/mL (sol.) [42,81,82,87–89]

100 +4 478, 509 488, 525 — 548 157 a.u. Kb = 9.8 × 105 M−1

[27]101 +4 484, 511 494, 525 — 538 386 a.u. Kb = 2.3 × 106 M−1

102 +4 478, 521 490, 525 — 550 340 a.u. Kb = 4.5 × 106 M−1

103 +4 486, 523 490, 525 — 538 216 a.u. Kb = 1.05 × 106 M−1

104 +2 452 — 482 482 775 — [92]105 +3 452 — 482 482 1542 —

4.3. Aggregation of MCDs on Nucleic Acids

Aggregation of MCDs on nucleic acids often accompanies the interaction of the
monomeric dyes with the biopolymers [27,41,59] (see above). In particular, symmetri-
cal MCD 2 forms J-aggregates on DNA, which were studied via LD and CD [41,93]. The
recent work [94] reports the formation by dye 2 on ssDNA and dsDNA oligonucleotides of
a new type of supramolecular aggregate, the photonics of which differ from those of H-
and J-aggregates. Aggregation of dye 2 was studied using CD spectroscopy and atomic
force microscopy. These superaggregates have the ability to effectively delocalize electronic
excited states via the mechanism of exciton migration. It has been shown that the properties
of the aggregates can be controlled by modifying the DNA substrate. Electronic excitation
energy transfer (FRET) from dye 2 aggregates (donors) to AlexaFluorTM 647 (acceptor)
was found and studied [94].

DNA-induced aggregation is also characteristic of unsymmetrical MCDs [27,95]. In
particular, dyes 1 and 61 [95] form aggregates on DNA that are characterized by an abnor-
mally large Stokes shift. In the unbound form, the dyes form H-aggregates in solution; in
the presence of dsDNA with a 3–5-fold excess of the dyes, aggregates are formed from
the free dye and DNA-bound dye (within the “half-intercalation” model). It has been
found that benzothiazole MCD 106 (Figure 27) forms ordered dye aggregates on dsDNA
templates. It has been shown that these aggregates can serve as efficient energy transfer
“wires” in the process of electronic excitation energy transfer from donor to acceptor dye
molecules with very small energy loss [96].
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Homodimeric and homotrimeric MCD 104 and 105 (Figure 26) form H-aggregates
on DNA with an excess of the dyes with respect to the biopolymer, which increases the
sensitivity of DNA detection [92,95,97]. Aggregation of dimeric MCD 100–103 in the
presence of DNA is reported in [27]. The schematic structures of H- and J-aggregates of
cyanines are shown in Figure 27.

4.4. MCD Probes for Non-Canonical Forms of DNA (G-Quadruplexes, Left-Handed DNA, etc.)

At present, investigations of MCD with polynucleotides of different structures con-
tinue, and efforts are being made to identify specialized fluorescent reporters for particular
polynucleotides and non-canonical forms of DNA. Structures of canonical and some non-
canonical forms of DNA are shown in Figure 28.

Chemosensors 2023, 11, 280 23 of 40 
 

 

 
Figure 28. Structures of canonical and some non-canonical forms of DNA: canonical double helix 
ds-DNA structure (a; B-DNA), left-handed DNA helix (b, Z*-DNA), DNA triple helix (c), and DNA 
G-quadruplex (d). 

Figure 28. Structures of canonical and some non-canonical forms of DNA: canonical double helix
ds-DNA structure ((a); B-DNA), left-handed DNA helix ((b), Z*-DNA), DNA triple helix (c), and
DNA G-quadruplex (d).



Chemosensors 2023, 11, 280 21 of 35

The interaction of dye 1 with left-handed DNA (Z*–DNA) was studied in [98]. Z*–
DNA is formed from B-DNA under the action of alcohol additions or doubly charged
Mg2+ ions. Dye 1 interacts with Z*–DNA via a two-step sequential mechanism. At the
first stage, electrostatic interactions predominate; at the second stage, the dye is deeply
embedded in the biopolymer. The specificity of the interaction between 1 and Z*–DNA was
discussed. In [13], the interaction of MCD 82–86 (Figure 23) with various types of nucleic
acides was studied. The dyes showed a significant increase in fluorescence intensity. In [94],
aggregation of 2 upon the interaction with DNA DX-tile nanostructures was studied.

DNA G–quadruplexes (G4) are guanine-enriched oligonucleotides or polynucleotides
capable of forming four-stranded structures in the presence of singly charged cations (K+

ions). In this case, four guanidine residues form a planar structure stabilized by guanine
(G)-quartets (eight hydrogen bonds in total). It is known that G4 are located in DNA at
the ends of eukaryotic chromosomes (telomeres). The function of telomeres is to protect
chromosome ends from unwanted damage resulting from recombination or the action
of nucleases.

It has been shown [43] that dye 1 binds more effectively to double-stranded (ds) DNA
(with the formation of intercalation complexes) than to single-stranded oligonucleotides.
Dye 1 also interacts with triplexes and G-quadruplexes of DNA [99,100]. Binding of dye
1 with three-stranded or four-stranded DNA structures leads to an increase in the dye
fluorescence intensity by more than 1000 times. Complexes of 1 with triplexes and G-
quadruplexes of DNA exhibit high stability and do not dissociate during chromatography
and gel electrophoresis procedures [100].

The interaction of 52 with triplexes and G-quadruplexes of DNA was studied [101].
Dye 52 was shown to form very stable, highly fluorescent complexes with a DNA triple he-
lix. The intercalation model describes the complexation of MCD with a DNA G-quadruplex,
whereas binding of the dyes to triplexes is probably carried out in the DNA groove.

It has been shown that benzoselenazolyl MCDs with a methyl substituent at the N-
atom (dyes 20 and 21; Figure 14) selectively detect DNA G-structures [12]. MCD 23 with
a (CH2)2SH group demonstrates differences in the CD spectra upon complexation with
dsDNA, RNA, and G-quadruplexes. The results of the study show that the dyes bind to the
G-quadruplex via terminal π–π stacking [12]. The possibility of additional stabilization of
the complex due to non-covalent interactions with nucleic acid bases/phosphate backbone
was shown.

4.5. MCD Probes for RNA

At present, a significant number of MCDs exhibiting selectivity for dsDNA have been
developed and studied (many of them are considered above). However, relatively few
probes are currently known that are suitable for the selective detection of RNA structures. In
particular, bis-benzimide dye probes of the Hoechst type can be used to quantify RNA from
the total nucleic acid content. However, the protocol requires the use of ribonuclease, which
can reduce sensitivity and increase error [102]. A commercial fluorescent probe, SYTO
RNASelect (www.thermofisher.com; accessed on 4 May 2023), with high RNA specificity is
also available [103].

The works [104,105] proposed new unsymmetrical MCDs with benzo[c,d]indole and
quinoline nuclei as fluorescent probes for RNA (dyes 107–109; Figure 29). The presence
of the benzo[c,d]indole residue significantly shifts the maxima of the absorption and
fluorescence spectra of the dyes to longer wavelengths. The presence of side substituents
with amino groups improves the interaction with RNA; the RNA selectivity and stability
of these dyes is higher than that of SYTO RNAselect. When interacting with RNA, the
fluorescence intensity of the dyes in the deep-red spectral region (~657–666 nm) increases
by more than 100 times. The fluorescent response of the dyes with aminopropyl groups
(108 and 109) for RNA was 2.2–3.4 times higher than that of the methyl-substituted dye,
107; it was also much higher than that for dsDNA. The association constants were of the
order of 1.25–4.8 × 103 M−1.

www.thermofisher.com
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The interaction with DNA and RNA of five unsymmetrical monocationic and dica-
tionic MCD (dyes 64 and 110–113; Figure 29) was studied in [106]. Upon the interaction
with yeast total RNA, a 1.3–5.3-fold greater increase in the fluorescent response was ob-
served than that observed in the presence of dsDNA (with a maximum selectivity increase
of 5.3 times for dye 113).

The synthesis and interaction with DNA and RNA of new MCDs 114–118 (Figure 29)
were described [107]. The electronic spectra were analyzed using TDDFT. The dyes prac-
tically do not fluoresce in the unbound state. When interacting with nucleic acids, the
spectra of the dyes are shifted to the long-wavelength side by 2–6 nm, and an increase in the
fluorescence intensity of the ligands is observed (for dye 114 the increase in the presence of
RNA is 114 times). When binding to RNA, the dyes with a Cl substituent (114–116) show a
higher increase in the fluorescent response (for 114, this is ~3 times higher) than with DNA.
The CD spectra of the dyes showed optical activity—negative signals for dyes 114 and 117
in complexes with RNA—characteristic of intercalative binding [107].

The data from the spectral-fluorescent studies of the interaction of MCDs with RNA
are summarized in Table 4.

Table 4. Spectral-fluorescent properties of MCD probes in the absence (f) and in the presence (b) of
RNA. λabs and λfl are maxima of the absorption and fluorescence spectra, respectively; Ifl

f and Ifl
b

are fluorescence intensities in the absence and in the presence of RNA, respectively; ϕfl
b is the

fluorescence quantum yield of the dye bound to RNA; and Kb is the constant of dye binding to RNA.

Dye
No.

Charge
λabs

f λabs
b λfl

f λfl
b

Ifl
b/Ifl

f, Kb,
ϕfl

b (%)
Refs.

nm

40 +2 511 — — 646 —

[51]

41 +2 502 — — 633 —
42 +2 513 — — 652 —
43 +2 506 — — 596 —
44 +1 508 — — 534 —
45 +1 513 — — 570 —
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Table 4. Cont.

Dye
No.

Charge
λabs

f λabs
b λfl

f λfl
b

Ifl
b/Ifl

f, Kb,
ϕfl

b (%)
Refs.

nm

52 +1 435 440 482 482 255

[60]

53 +1 446 449 483 485 145
54 +1 440 440 485 488 155
55 +1 442 439 485 485 134
56 +1 441 445 479 483 130
57 +1 442 447 485 483 143
64 +1 462 468 524 506 180 [106]
75 +1 461 — 512 495 — [66]

107 +1 580 624 — 645 105, Kb = 1.25 × 106 M−1 [104,105]
108 +2 600 — — 666 350, Kb = 2.8 × 103 M−1

[105]
109 +1 595 — — 665 230, Kb = 4.8 × 103 M−1

110 +2 480 489 515 511 306

[106]
111 +2 465 506 608 529 402
112 +1 468 504 564 526 479
113 +1 434 451 469 476 128
116 +3 514 518 549 547 75

[107]117 +3 522 524 575 547 8
118 +3 520 523 558 554 70

5. Interaction of MCD with Proteins and Other Biomolecules

A number of new MCDs as possible fluorescent probes for proteins have been synthe-
sized and studied [108]. The dyes were synthesized on the basis of the “affinity-modifying
groups” idea, using MCD 52 (Figure 19) as a model. It was shown that specific and accurate
detection of bovine serum albumin is possible using dyes 119, 120 and 121 (Figure 30). In
particular, for 119 and 120, a ~100-fold fluorescence growth is observed in the presence
of albumin.
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The interaction of the symmetrical anionic MCD 122 (Figure 30), having two sulfo-
propyl substituents in 3,3’ positions, with two artificially synthesized polypeptides was
studied in [109]. Using UV-Vis, CD spectroscopies, and Cryo-TEM microscopy, it was that,
depending on the concentration in the aqueous medium, the dye is in the form of H- or
J-aggregates; polypeptide molecules, in turn, form α-helical supramolecular ensembles
and β-sheet-rich fibrils. The interaction of 122 with polypeptides leads to the formation of
new supramolecular structures of tubular aggregates [109]. CD spectra showed no chirality
transfer from peptides to the dye aggregates, and also permitted excluding the opposite
effect of a structural transfer from dye aggregates to the peptides’ secondary structure.

J-aggrege formation by dye 122 in the presence of some proteins (gelatin, lysozyme,
ribonuclease, and trypsin) was studied using CD [110]. It was shown that the chirality of
proteins controls the optical activity of MCD J-aggregates.

Currently, a search is underway for fluorescent probes with specificity for amyloid
protein structures; the relevance of these studies is associated with the therapy for a number
of neurological disorders. In order to detect fibrillar β-lactoglobulin, two cationic MCDs
based on benzothiazole heterocycles, 59 and 123 (Figure 30), were studied (along with a
number of trimethine, pentamethine, heptamethine cyanine and squarylium dyes) [111].
The fluorescent response of these dyes for fibrillar β-lactoglobulin was ~3 times higher
than that for native β-lactoglobulin.

Additionally, a seach for MCDs that detect amyloid form ofα-synuclein was performed
(in particular, MCDs 1, 52, 59, 62 and 123–126 (Figure 30) were studied) [112–114]. The
best results were obtained for dye 123, for which the fluorescence response for fibrillar
α-synuclein was 9.5 times higher than that for native α-synuclein.

The interaction of a series of MCDs (dyes 127–131; Figure 31) with insulin and
lysozyme in the native and amyloid states was studied [115]. It was found that the emission
of MCDs is enhanced by the binding of the dyes with both native and fibrillar proteins. In
fibrillar protein–MCD complexes, the effect is stronger than in the cases of proteins in the
native form. However, their amyloid (fibrillar) selectivity is much lower compared to that
of other amyloid markers [115]. The maximum amyloid detection factors characterizing the
selectivity of the dyes toward fibrillar insulin and lysozyme were found to be 8.4 for dye
128 and 5.5 for dye 130. The dyes also show a relatively higher increase in the fluorescence
intensity in the presence of insulin amyloid fibrils in comparison with that in the presence
of lysozyme, suggesting the sensitivity of the dyes to the fibril morphology.
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To identify the monomethine–protein binding sites, the molecular docking technique
was used. Residues of the B-chain (Val 17, Leu 17, Ala 14, Phe 1, Gln 4, and Leu 6) and
A-chain (Leu 13, Tyr 14, and Glu 17 of insulin) show the MCDs’ binding efficiency and
seem to form the strongest complexes with the dyes. It was found that the binding of the
investigated cyanines is governed predominantly by hydrophobic interactions between
the dye molecule and the insulin residues Val 17, Leu 17, Ala 14, Gln 4, Leu 6, Leu 13, Tyr
14, and Glu 17. Moreover, all the examined dyes tend to form π-stacking contacts between
the benzene ring and Phe 1 residue of the B-chain of non-fibrillar insulin. According to
molecular docking results, the fibrillar insulin Gln15_Glu17 groove is the most effective
binding location for the MCDs under investigation [115].

The interaction of 127–131 (Figure 31) with bacteriophage MS2 was studied [116]. The
dyes interact with the bacteriophage with high affinity (~1 µM−1); evidence was presented
to support the hypothesis of dye interaction with viral nucleocapsid proteins. Molecular
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docking showed the possibility of accommodating a dye molecule inside the cleft formed
by three proteins composing the virus shell.

The work [117] reports the formation of J-aggregates of dye 2 on the surface of heparin
(stimulated aggregation) with a ~400-fold increase in the fluorescence intensity. A strong
bisignate signal appears in the CD spectra as a result of excitonic coupling between dye
molecules in J-aggregates. Dye 2 exhibits selectivity for heparin; the fluorescence intensity
in the presence of heparin is much higher than that in the presence of chondroitin sulfate
and hyaluronic acid. The limit of detection of heparin is 2 nM.

6. Photonics of the Dye Molecules in Complexes with Biomolecules

Time-resolved ultrafast fluorescence spectroscopy (TRFS) was used to determine the
fluorescence growth mechanism of dyes 5, 14, and 99, as well as their derivatives, in the
presence of nucleic acids [91,118]. It has been shown, in particular, that in complexes with
DNA the fluorescence lifetimes of the dyes become much longer because of the constric-
tive DNA environment which inhibits torsional nonradiative deactivation of the dyes’
excited state. Similar data were obtained for dye 5 and its derivatives using femtosecond
fluorescence up-conversion spectroscopy [35].

One of the most important properties of cyanine dyes in association with biomacro-
molecules is their ability to inhibit the processes of nonradiative deactivation. As was
shown for trimethine cyanines, this can lead to a significant increase in the quantum yield
of the triplet state (ΦT) [3]. The triplet state of the dye can produce reactive oxygen species
(ROS). Since ΦT is usually close to zero for cyanine dyes in the free state, it is generally
possible to create highly selective agents for photodynamic therapy (PDT), in which only
cyanine dye molecules bound to biomolecules will have a damaging effect, while unbound
dye molecules will be inactive.

In the case of MCD, the effect of an increased ΦT was observed for dye 99 (YOYO) in
a complex with DNA. In [119], the interaction of dye 99 with DNA fragments of various
lengths was studied using fluorescence correlation spectroscopy (FCS). An increase in ΦT
was found in the system, depending on the length of DNA molecules and the DNA/YOYO
ratio. The results obtained are proposed to be used for the development of fluorescence
cross-correlation spectroscopy techniques in solutions and in living cells.

A new MCD probe sensitive to DNA hybridization was obtained (132, Figure 32) [120].
A nucleic acid fragment and two TO fluorophores constitute the dye 132 molecule. Through
hybridization with the target DNA, the population of the transient dark state, which is
attributed to the triplet state and isomerized state, was drastically increased. According to
FCS results, the transient dark state population (attributed to the triplet state and isomerized
state) was found to significantly increase through hybridization with the target DNA.
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Thus, due to the set of their exceptional characteristics, the use of MCDs opens up
broad prospects for the development of methods for biomolecule detection/analysis and
for the design of new types of molecular probes.

7. Application of Monomethine Cyanine Dyes in Biochemistry and Biomedicine

The outstanding ability of MCDs to greatly enhance the fluorescent response in the
presence of biomacromolecules determines the main areas of application of monomethine
cyanines. The most important are fluorescent probes and stains for biomolecular anal-
ysis, off-on sensors and markers, and visualization of biomacromolecules in biological
systems [121]. The application of MCDs as fluorescent probes was considered in detail in
the preceding sections. More specific applications of MCDs are considered below.

MCDs of various types are often used in bioanalysis (FFC, PCR methods, fluorescent
microscopy, etc.) Dyes 1 and 14 (see Figures 1 and 13) are widely used in modern biomedi-
cal practice; in particular, 1 is used in fluorescence-activated cell cytometry (in reticulocyte
analysis, the use of dye 1 gives a higher correlation coefficient compared with manual
determination) [5]. Flow cytometry also uses monomeric and dimeric MCDs; in particular,
98 (TOTO) and 47 (TO-PRO) [122], 99 (YOYO-1), 5 (YO-PRO-1), and 77 (PicoGreen) [123].
MCD 76 (SYBR Green I), 99 (YOYO-1), 98 (TOTO-1), and 77 (PicoGreen) are used in flow
virometry—a new method for characterization of viruses [124]. The possibility of practical
application of YO derivatives—dyes 127–131 (Figure 31), as noncovalent fluorescent mark-
ers of bacteriophage MS2 was shown in [116]. In the presence of MS2, the dyes showed
a significant fluorescent growth, which made it possible to detect low virus concentra-
tions (~2–20 nM/mL). The results outlined in [116] can be used to develop fluorescent
viral markers.

For spectral-fluorescent detection of dsDNA in gel electrophoresis, for quantitative
detection of dsDNA in solution, and real-time PCR, the commercially available dyes SYBR
Green I, PicoGreen, SYBR Green II, and SYBR Gold (76–79; Figure 22) have been developed
and widely used [67–71].

Unsymmetrical MCDs are proposed to be used in fluorescence microscopy for staining
RNA-containing cell organelles. When staining live and fixed biopreparations of MCF-7
cells, dyes 64 (Figure 20) and 110–113 (Figure 29) penetrate well into cells and nuclei [106].

Unsymmetrical monomethine cyanines with benzo[c,d]indole and quinoline nu-
clei were proposed as selective fluorescent off-on probes for RNA (quantitative detec-
tion of RNA in vitro and visualization of nucleolar RNA in vivo) (dyes 107–109; Fig-
ure 29) [104,105]. Dye 133 (Figure 33), proposed in [125], exhibited significant advantages
over SYTO RNA select. In particular, dye 133 is characterized by a stronger fluorescent
response than SYTO RNA select is upon binding to RNA in the cell nucleoli. Dye 133
exhibited good results in terms of cytotoxicity and permeability through cell membranes.
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J-aggregation of dye 2 (PIC) was considered for the detection of heparin in serum
samples and complex biological media [117].

Based on benzothiazine, new MCD, 134 (Figures 6 and 33), with reversible aci-
dochromic behavior was obtained. Sensitivity to pH changes makes this dye an attractive
prototype of a new modular chromophore [22].

In [126], MCDs 135 (Figure 33) and 98 (Figure 25), together with various dimethine
and trimethine cyanine dyes, were studied for dsDNA (lambda phage DNA) quantification
using gel electrophoresis. MCD 135 (a butyl homologue of 1) can be proposed for DNA
detection; this dye proved to be more sensitive than the commonly used ethidium bromide
did. Of all dyes studied, the most sensitive were 98 and 135.

A high-sensitivity method for DNA detection with MCDs using the stopped-flow tech-
nique was proposed. It was based on measuring the initial rate of dye 99 (YOYO)’s fluores-
cent growth in the presence of sodium dodecyl sulfate upon the introduction of DNA. This
method makes it possible to detect very low concentrations of DNA (~3.0 × 10−10 M) [127].

Monomethine N-aryl pyridocyanines (dyes 93–97; Figure 24) [80] are proposed as
new types of cell markers for fluorescence spectroscopy. In mammalian cells and plant cell
preparations, dyes 93–97 stain both nuclear and organelle DNA. The dyes are suitable for
imaging beyond optical resolution and in two-photon microscopy techniques; they can be
used for deep-tissue imaging.

A new polycationic unsymmetrical MCD, 136 (Figure 33), was used to count the num-
ber and determine the viability of yeast cells using an image-based cytometry method [128].
The dye penetrates only into dead cells, binds rapidly to DNA (20 times faster than 99
does), and has a weak background and high sensitivity to DNA (in the presence of DNA,
the dye has a fluorescence intensity that is 10 times higher than that of propidium iodide).
The method proposed by the authors has a low coefficient of variation.

The results of studies of MCDs based on SYBR green II (dyes 82–86; Figure 23) co-
valently bound to the viral capsid can pave the way for a further application of these
compounds in biological objects for the detection of RNA in viruses [13].

To detect DNA mutations, sequence-specific forced intercalation hybridization probes
based on dyes 1 and 14 were suggested [129–133]. Upon hybridization with corresponding
target DNA, the fluorescence of the probes increased and was sensitive to structural
disturbances of NA caused by the mismatch of neighboring bases. Dyes 137–140 were also
tested [134]. Dyes 137–140 exhibit high affinity and can be used to detect matched and
non-matched targets under non-stringent hybridization conditions.

In particular, single-molecule fluorescence spectroscopy (MFS) makes extensive use
of MCD [135–137]. In [138], 12 monodimeric and homodimeric MCDs (in particular, dyes
141–145, Figure 34) were studied using the single-DNA molecule technique in comparison
with commercially available homodimeric MCDs (dye 99, Figure 25). Monomeric dyes
141–144 and the dimeric symmetrical MCD 145 are quite photostable and were selected as
prospective dyes for nucleic acid detection.

In living cells, monomethine cyanines are able to demonstrate not only an increase
in fluorescence intensity, but also effects of inhibition of cell activity (that is, they have a
theranostic potential). The work [12] provides data on the activity of selenocyanines 20–26
(Figure 14) against human cancer cells. Confocal microscopy data confirm the potential of
the novel unsymmetrical MCDs 20–26 as theranostic agents. The dyes with sulfopropyl and
thioethyl substituents accumulate in mitochondria, while cyanine with a methyl substituent
is localized in the nucleus.

New MCDs (dyes 100–103; Figure 26) were proposed as theranostic agents; the dyes
showed cell growth-inhibitory effects on cancer cells (lines HCT 116; MCF-7 and H460) [21].
Screening against human lung carcinoma (A549) showed that guanidiniocarbonylpyr-
role conjugates of MCDs accumulate effectively in cell mitochondria, causing moderate
cytotoxic effects, which make them favorable for use in theranostics [49].
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With encouraging success, photodynamic therapy (PDT), a non-invasive and general
treatment strategy, is being used to treat pathogenesis (especially in the case of antibiotic
resistance). Photosensitizers activated by light can generate excess amounts of reactive
oxygen species (ROS) that can highly suppress or kill pathogens. Usually, cyanine dyes with
a longer polymethine chain than that of MCDs are used in PDT [139]. Nevertheless, there
are some studies on PDT with MCDs. The recent work [140] studied the photodynamic
activity of the symmetrical “simplest” MCD, dye 146 (Figure 35), in a carbomer gel (CBMG)
filler. As a part of the Cy-CBMG system, the solubility of the dye in water is significantly
better, and photodegradation occurs less. Dye 146 in CBMG has good biocompatibility,
effectively destroys antibiotic-resistant bacteria in vitro, and promotes wound healing
in vivo.
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In the work [26], a number of dicationic analogues of 1 and tetracationic analogues
of the dimeric dye 98 were synthesized. It was concluded that the dyes obtained indicate
significance in singlet oxygen sensitization and are potential candidates in the area of PDT.
For chalcogenopyrylium monomethine dyes (dyes 9–12; Figure 11), an increase in ΦT in
viscous solvents and with Te-substitution was observed, which could be potentially used
in PDT [34].

Cyanine dyes are actively studied as sensitizers in PDT, but their antiproliferative
activity in the absence of light has been studied less. New work [8] is devoted to the study
of the antiproliferative effects, selectivity, and the effect of light on the cytotoxic activity of
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a number of cyanines (including symmetrical MCDs, that are butyl homologues of 3; dyes
59 and 147–152) in relation to human tumor cells. It is demonstrated that 147–152 have
antiproliferative impacts on the Caco-2, MCF-7, and PC-3 cancer lines.

8. Conclusions

To date, a huge variety of MCD have been produced and investigated for nucleic acid
detection and analyses. In addition, noncovalent interactions of various types of MCD not
only with natural DNA and RNA, but also with a number of other polynucleotides and
oligonucleotides and non-canonical forms of DNA were studied by spectral-fluorescent
and other methods. Note that strong spectral shifts upon binding to nucleic acids are not
typical of MCD probes (if this is not accompanied by decomposition and/or a formation of
dye aggregates), but, as a rule, a significant upturn in fluorescence response is observed. A
variety of MCDs were chosen as sensitive molecular reporters suited for the quantification
of of DNA in biological systems and for their use in various biophysical and biomedical
applications. For example, the limit of dsDNA detection using TOTO and YOYO was found
to be about 0.5 ng/mL, or 20 pg in a 25 µL well [88]; dyes SYBR Green I and PicoGreen (76
and 77, respectively) can quantify dsDNA at concentrations of ~0.5–1 ng/mL [73].

Some MCD probes are commercially available from the following main suppliers:
Merck (Sigma-Aldrich), Thermo Fisher Scientific, and Biosynth. Merck purchases TO (1),
YO (14), SYBR Green I and II (76 and 78, respectively); Thermo Fisher Scientific purchases
the TOTO (98) and TO-Pro (47) families of dyes, as well as SYBR Green I and II, PicoGreen
(77), and SYBR Gold (79); Biosynth purchases TO, YO and SYBR Green I.

At the same time, it should be noted that a lot of MCD probes exhibit high sensitivity
to DNA, but much less probes are highly sensitive to RNA, especially in the presence of
DNA, showing high selectivity for RNA. Therefore, works devoted to the elaboration of
sensitive cyanine dye probes selective for RNA against the presence of DNA are particularly
valuable and require further development. Additionally, welcomed are studies on MCD
probes for non-canonical forms of DNA: triplexes and G-quadruplexes, left-handed DNA,
plasmid DNA, ssDNA, etc.

There are some common structure–activity relationships for dye probes that were
revealed in studies of the dye–DNA interaction. The planar shape and compact size of MCD
molecules are structurally better suited for the formation of DNA intercalation complexes.
Larger, crescent-shaped MCD molecules often bind in the groove of DNA. (Poly)cationic
substituents in dye molecules can substantially increase the affinity of MCDs to nucleic
acids. Furthermore, several affinity-modifying groups in MCD molecules can drastically
change the characteristics of the dye–nucleic acid interaction. These auxiliary groups have
the ability to non-covalently bind to biopolymers and increase MCD affinity. Importantly,
the presence of affinity-modifying groups in the MCD structure should not create addition
steric barriers to MCD intercalation or nucleic acid groove binding [60].

In addition, in contrast to the great number of works on MCD probes for nucleic
acids, a relatively small number of works on such probes for other biomacromolecules are
available. This research area should also be developed. The creation of spectral-fluorescent
probes for amyloid proteins is necessary because of the association of the latter with a wide
range of neuropathies (for example, ALS, Parkinson’s and Alzheimer’s diseases, motor
neuron diseases).

Finally, there are very few works on the study of photochemical processes in MCD
molecules in complexes with biomacromolecules, primarily concerning the generation
of the triplet state of a MCD and its quenching by molecular oxygen (and other triplet
quenchers). In addition to fundamental significance, this study can give information about
the peculiarities of localization of the ligand molecule in the biomolecular framework and
its possible shielding from the access of a quencher molecule. This is also of great practical
importance for PDT, since it creates the basis for the development of selective PDT agents.
Such agents would be photochemically active (and could generate singlet oxygen) only in
a complex with a target biomolecule and would be inactive in the free state.
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