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Abstract: The indolenine styrylcyanine dye and its carboxyl-labeled derivative were synthesized using 

condensation of the corresponding indolenines with 4-(dimethylamino) benzaldehyde in the presence 

of an alkaline catalyst. The spectral-luminescent properties of studied dyes in organic solvents, the 

aqueous solution (pH 7.9), and the presence of different biomacromolecules were investigated. The 

functionalization of the dye structure by the carboxylic group led to a bathochromic shift of fluorescence 

emission spectra while having no impact on dye specificity. It is established that studied styrylcyanines 

exhibited no or low preference towards biomacromolecules and no accumulation at a specific site within 

cells. 
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1. Introduction 

Organic fluorescent dyes are widely used as a working medium in dye lasers [1, 2], in 

analytical chemistry to determine the various trace elements [2], in photodynamic therapy [3-

5], tissue optics [6], and imaging of cells or cell components [6-10]. Depending on the sphere 

of application of fluorophores, their various properties, including quantum yield [11] and 

photostability [12], pH dependence [13], or fluorescence lifetime, are essential. Notably, the 

use of fluorescent dyes for biomedical applications also requires a balance between their 

photostability and the minimization of the toxicity of their photo-excited products [14, 15]. 

Even though fluorescent imaging of living cells is a powerful tool in modern biomedical 

research for detecting and visualizing various biomolecules and cell compartments [16-20], it 

does not always require fluorescent probes with high quantum yields and other parameters [21].  

Among the many existing fluorescent probes, styrylcyanines were earlier reported as 

promising DNA-sensitive dyes. They demonstrated considerable fluorescence intensity 

enhancement upon binding to DNA and high fluorescence quantum yield in DNA presence 
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[22], as well as other biomolecules [23]. In addition, styrylcyanines have a wide range of 

absorption and emission spectral profiles, which allows for their modification for various 

applications, including multicolor imaging [24-26]. This unique property of styrylcyanines and 

the ability of these dyes to be targeted to various cell organelles and their low toxicity [27] 

opens up many new exciting applications in luminescence imaging. Furthermore, indolenine 

cyanine dyes have high solubility in solvents and good thermal stability compared with other 

cyanine dyes. Therefore, such properties of fluorophores could be used as optical information 

recording and storage materials [28]. Besides, fluorophores not sensitive to biomacromolecules 

are attractive for labeling prodrugs and pharmaceutics [29-31], which require preserving their 

active groups during delivery.  

Here, we report the synthesis and characterization of two novel indolenine-based 

styrylcyanine dyes containing a carboxylic group at the indolenine ring, with subsequent testing 

as potential probes for biological application. The unique design of these dyes makes them 

suitable candidates for applications in cellular imaging, especially considering the presence of 

the charged quaternary nitrogen moiety as potential fluorophores for copper(II)-based sensing. 

Additionally, the presence of a carboxylic group ensures fluorophore bioconjugation since in 

vivo application of fluorophores often requires conjugation to biomolecules, which offers 

selective localization of fluorophores inside the cells [29]. UV-Visible absorption and 

fluorescence spectra of these dyes in organic solvents (DMSO, ACN, MeOH), an aqueous 

solution, and in the presence of biomacromolecules (bovine serum albumin, ovalbumin, beta-

lactoglobulin, amyloid fibrils of beta-lactoglobulin), and nucleic acids (double-stranded DNA, 

RNA) were investigated. Flow cytometry and fluorescence microscopy studied the ability of 

dyes to penetrate the living cell membrane and their cell distribution.  

2. Materials and Methods 

2.1. Materials.  

Dimethyl sulfoxide (DMSO), acetonitrile (ACN), methanol (MeOH),  0.05 M Tris-HCl 

buffer pH 7.9, and HCl solution pH 2 were used as solvents (purchased from Sigma-Aldrich or 

made from Sigma-Aldrich reagents). Bovine serum albumin (BSA), ovalbumin (OVA), beta-

lactoglobulin (BLG), as well as high molecular weight double-stranded DNA (dsDNA), and 

ribonucleic acid of E.coli (RNA) were purchased from Sigma-Aldrich (USA). MitoTracker 

Green, Hoechst 33342 were purchased from ThermoFisher Scientific (Invitrogen). 

2.2. General methods of synthesis of the indolenine styrylcyanine dyes S1 - (E)-4-(2-(4-

(dimethylamino)styryl)-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate and S2 - (E)-4-(5-

carboxy-2-(4-(dimethylamino)styryl)-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate.  

4-(Dimethylamino)benzaldehyde (298 mg, 2 mmol) and 590 mg (2 mmol) 4-(2,3,3-

trimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate for S1, or 680 mg (2 mmol) 4-(5-carboxy-

2,3,3-trimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate for S2 were dissolved in isopropyl 

alcohol (5 ml) by heating and vigorous stirring. Next, piperidine (10 ul) was added to the 

reaction mixture and refluxed for 3 hours, followed by methyl tert-butyl ether (1 ml). The 

reaction was cooled down to room temperature, and the formed precipitate was filtered off and 

washed twice with 2 ml of methyl tert-butyl ether. The crude products were crystallized from 

3 ml of isopropanol (dye S1) or 3 ml of DMF (dye S2). The crystals were filtered off, washed 
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on the filter with 1 ml of methanol, then twice with 2 ml of methyl tert-butyl ether, and dried 

at 50°C for 8 hours. The yield was 360 mg (42.2%) for S1 and 390 mg (41.4%) for S2. 

(E)-4-(2-(4-(dimethylamino)styryl)-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-

sulfonate (S1). Yield 360 mg (42.2%). 1H NMR (300 MHz, DMSO) δ 8.24 (q, J = 15.1, 14.9 

Hz, 2H), 7.78 (m, 3H), 7.66 (d, J = 7.9 Hz, 1H), 7.59 (s, 2H), 7.15 (d, J = 8.9 Hz, 2H), 4.92 (m, 

2H), 3.54 (s, 6H), 3.45 (m, 2H), 2.57 (m, 2H), 2.47 (m, 2H), 2.07 (s, 6H). ESI MS m/z: Calcd. 

for [C24H30N2O3S+H]+: 427.2050. Found: 427.2035; Calcd. for [C24H30N2O3S+Na]+: 

449.1869. Found: 449.1835. 

(E)-4-(5-carboxy-2-(4-(dimethylamino)styryl)-3,3-dimethyl-3H-indol-1-ium-1-

yl)butane-1-sulfonate (S2). Yield 390 mg (41.4%). 1H NMR (300 MHz, DMSO) δ 8.40 (d, J = 

15.3 Hz, 1H), 8.28 (s, 1H), 8.17 (d, J = 8.4 Hz, 2H), 8.08 (m, 1H), 7.81 (d, J = 8.4 Hz, 1H), 

7.35 (d, J = 15.4 Hz, 1H), 6.90 (d, J = 9.0 Hz, 2H), 4.50 (t, J = 7.3 Hz, 2H), 3.41 (s, 3H + H2O), 

3.20 (s, 6H), 2.57 (m, 2H), 1.89 (d, J = 6.8 Hz, 2H), 1.78 (s, 6H). ESI MS m/z: Calcd. for 

[C25H30N2O5S+H]+: 471.1948. Found: 471.1930; Calcd. for [C25H30N2O5S +Na]+: 493.1767. 

Found: 493.1748. 

2.3. Preparation of solutions.  

Dye stock solutions were prepared by dissolving the dyes to 2 mM/L concentration in 

DMSO. Working solutions of free dyes were prepared by diluting the DMSO dye stock solution 

in 0.05 M Tris–HCl buffer pH 7.9, MeOH, ACN, or DMSO to the final dye concentrations 

equal to 5 µM/L. The stock solution of proteins (BSA, OVA) was prepared by dissolving the 

corresponding protein in the Tris–HCl buffer to a concentration equal to 0.2 mg/mL. Working 

solutions of the dyes in the presence of proteins were prepared by adding the aliquot of the 

DMSO dye stock solution and the protein stock solutions in the Tris–HCl buffer at a 

concentration equal to 0.2 mg/mL. The working concentrations of dsDNA and RNA amounted 

to 6×10-5M bp and 1.2×10-4M bases, respectively. BLG was dissolved at a 5 mg/mL 

concentration in a water solution of HCl (pH 2). Fibrillar beta-lactoglobulin (fBLG) was 

formed by incubating the protein solution in a Thermomixer incubator at 80°C for 24 hours at 

pH 2 [32]. All working solutions were freshly prepared before the experiments. 

2.4. Spectral measurements.  

Spectroscopic measurements were performed in a standard quartz cuvette (10×10 mm). 

Fluorescence excitation and emission spectra were registered using the fluorescent 

spectrophotometer Cary Eclipse (Varian, Australia). Absorption spectra were registered using 

the Shimadzu UV-3600 spectrophotometers. All the spectral-luminescent characteristics of 

dyes were performed at room temperature.  

2.5. Cell cultivation.  

The human ovarian cancer cell line (A2780) was purchased from Sigma-Aldrich. 

A2780 cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum 

(FBS), 1% l-glutamine, and 1% penicillin/streptomycin. Cells were cultivated to 80–90% 

confluence and detached from the flask using trypsin/EDTA solution (0.025%/0.01%, w/v, 

Biochrom GmbH, Germany) in DPBS. 

 

https://doi.org/10.33263/BRIAC136.502
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC136.502  

 https://biointerfaceresearch.com/ 4 of 10 

 

2.6. Flow cytometry.  

The fluorescence of live cells was quantified using a Guava easyCyteTM 6-2L flow 

cytometer from Merck Millipore (Darmstadt, Germany) by monitoring the emission at 583±26 

nm using a 488 nm excitation light source (yellow fluorescence). For this, detached cells were 

resuspended in the RPMI-1640 medium containing 5% FBS, 1% L-glutamine, and 1% 

penicillin/streptomycin and seeded at a concentration of 200 cells/µl per well in a 24-well plate. 

The plate with a total volume of 0.5 ml per well was left at 37°C in the chamber filled with 5% 

CO2 overnight. After 12 hours, the cells were washed (2×0.5 ml DPBS), and a fresh portion of 

HBSS (0.5 mL) was added. Solutions of dyes S1 or S2 in DMSO or DMSO were added into 

separate wells for 30 min of incubation. The concentration of dyes S1 and S2 was 10 or 1 μM/L 

(1% of DMSO). Then the cells were washed twice with DPBS, and fresh HBSS (0.5 ml) was 

added. The cells were then trypsin-treated (0.2 ml/w) for 2 minutes and left to dry for 5 minutes 

in the incubator. Then the fresh HBSS (0.5 ml) was added, and cells were transferred to 

microtubes. The fluorescence of cells not treated with any dye (containing only the DMSO 

aliquot as control) and with dyes S1 and S2 were quantified. The data were processed using 

the inCyteTM software package (Merck Millipore). 

2.7. Live-cell fluorescence imaging.  

For the live-cell staining, detached cells were resuspended in the RPMI-1640 medium 

containing 5% FBS, 1% L-glutamine, and 1% penicillin/streptomycin and seeded at a 

concentration of 80 cells/µl per glass-bottom fluorescent dish (µ-Dish 35 mm, high, ibidi 

GmbH, Germany). Every dish with a 2 ml total volume was left at 37°C in the chamber filled 

with CO2 (5%) overnight. After 12 hours, the cells were washed (2×2 ml DPBS), and a fresh 

portion of HBSS (2 ml) was added. Solutions of Hoechst 33342 and the dyes S1 and S2 in 

DMSO were added into separate and the same dishes for 30 min of incubation. The 

concentration of dyes was 10 μM/L for S1 and 20 μM/L for S2. Then the cells were washed 

twice with DPBS, and fresh HBSS (2 ml) was added. The fluorescence images were taken with 

a Zeiss Axio Vert.A1 and filter set: ex 335–383/em 420–470 nm (blue) to detect Hoechst 

33342, ex 450–490/em 500–550 nm (green) to detect MitoTracker Green, ex 538-562/em 570-

640 nm (red) for dyes S1, S2. Objective: 40x/1.30. Oil (DIC). Obtained images were analyzed 

using the free software Fiji/ImageJ v1.52b [33]. 

3. Results and Discussion 

Indolenine styrylcyanine dyes were synthesized in good yields according to Scheme 1, 

using 4-(dimethylamino)benzaldehyde and the corresponding indolenine derivative.  

 
Scheme 1. General synthesis of indolenine styrylcyanine S1 and S2. 
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The structure of isolated and purified S1 and S2 dyes has been confirmed by 1H NMR, 

ESI-MS spectroscopy, and elemental analysis. The synthesized dyes were subsequently 

investigated for UV-Vis absorption and fluorescence emission in DMSO, ACN, MeOH, and 

Tris-HCl buffer (pH 7.9). The UV-Vis absorption spectra data for S1 and S2 are summarized 

in Table 1. In all the investigated cases, the spectra exhibited a broad absorption band between 

544-563 nm and, depending on solvent and dye structure, the molar extinction values were 

moderate in the range (5.3-7.7)×104 M-1cm-1. Interestingly, the maximum absorption for both 

dyes was almost equal in all tested solvents, including the Tris-HCl buffer. The results indicate 

no apparent interaction between the solvent molecules and the azo dye. In the case of S2, 

introducing a carboxylic group in the indolenine ring led to a bathochromic shift of the 

absorption maximum concerning the unmodified S1. 

Table 1. Characteristics of Vis absorption spectra of styrylcyanines in different solvents.  

 

DMSO ACN MeOH Buffer 

λabs, 

nm 

ε, 

104 M-1cm-1 

λabs, 

nm 

ε, 

104 M-1cm-1 

λabs, 

nm 

ε, 

104 M-1cm-1 

λabs, 

nm 

S1 550 6.4 544 6.8 549 7.3 548 

S2 563 5.3 563 7.7 563 7.0 562 

λabs – maximum wavelength of absorption spectrum; ε – molar extinction coefficient at λabs. 

The emission properties of the S1 and S2 dyes in organic solvents were also studied 

(Table 2). The fluorescence intensity of both compounds in DMSO was 4-5 times higher than 

in MeOH and ACN. The emission maximum was shifted to the short-wavelength region for 

both dyes in MeOH (compared to DMSO and ACN). Depending on the solvent, the excitation 

was located in the 547-564 nm range, with the emission in the 593-609 nm range. 

Table 2. Spectral-luminescent properties of styryl dyes in organic solvents. 

 

DMSO ACN MeOH 

λex, 

nm 

λem, 

nm 

IDMSO,  

a.u. 

ΔS,  

nm 

λex, 

nm 

λem, 

nm 

IACN,  

a.u. 

ΔS,  

nm 

λex, 

nm 

λem, 

nm 

IMeOH,  

a.u. 

ΔS,  

nm 

S1 553 602 207 49 547 593 45 46 550 593 57 43 

S2 564 609 205 45 564 602 35 38 563 599 50 36 

λex (λem) – maximum wavelength of fluorescence excitation (emission) spectrum, I - emission intensity of dye in 

different solvents (IDMSO, IACN, IMeOH), a.u. – arbitrary units. 

Fluorescence spectra in an aqueous solution in the presence of various biomolecules 

were studied to evaluate the potential of both dyes as probes in fluorescence imaging. The 

luminescent properties of the studied styrylcyanine dyes in free buffer and the presence of 

nucleic acids (dsDNA, RNA) are presented in Table 3. The excitation wavelengths of the dyes 

are located in the range of 550-553 nm for S1 and 561 nm for S2. The fluorescence emission 

maxima lie near 592 nm for dye S1 and 598 nm for dye S2, with Stocks shifts between 36-42 

nm.  

Table 3. Spectral-luminescent properties of styrylcyanines in the presence of nucleic acids.  

 

Buffer dsDNA RNA 

λex, 

nm 

λem, 

nm 

I0,  

a.u. 

ΔS,  

nm 

λex, 

nm 

λem, 

nm 

IDNA,  

a.u. 

ΔS,  

nm 

λex, 

nm 

λem, 

nm 

IRNA,  

a.u. 

ΔS,  

nm 

S1 550 592 20 42 551 593 24 42 553 593 23 40 

S2 561 599 15 38 561 598 15 37 561 597 16 36 

(λex (λem) – maximum wavelength of fluorescence excitation (emission) spectrum, I - emission intensity of dye 

in a free state (I0) and in the presence of nucleic acids, a.u. – arbitrary units.). 
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Both dyes show no significant fluorescence enhancement in the presence of nucleic 

acids, and no shifts in the excitation and emission spectra were observed upon the addition of 

nucleic acids.  

The luminescent properties of the studied styrylcyanine dyes in the presence of bovine 

serum albumin (BSA), ovalbumin (OVA), beta-lactoglobulin (BLG), and amyloid fibrils of 

BLG are presented in Table 4. Similarly to the results described above, these dyes displayed 

little to no fluorescence intensity changes in the presence of tested biomolecules. The excitation 

wavelengths of the dyes are located in the range of 550-555 nm for S1 and 562 nm for S2. The 

fluorescence emission maxima are located near 592 nm for dye S1 and 599 nm for dye S2, with 

Stocks shifts between 36-43 nm. The results show that both dyes do not interact with 

investigated biomolecules, or the interaction is not assisted in changing the emission properties 

of the studied styrylcyanine dyes. Furthermore, the carboxylic group does not significantly 

affect the fluorescence emission intensity of the dyes in the presence of investigated 

biomolecules. 

Table 4. Spectral-luminescent properties of styryl dyes in the presence of different proteins. 

 BSA OVA BLG fBLG 

λex,  

nm 

λem,  

nm 

IBSA,  

a.u. 

λex,  

nm 

λem,  

nm 

IOVA,  

a.u. 

λex,  

nm 

λem,  

nm 

IBLG,  

a.u. 

λex,  

nm 

λem,  

nm 

IfBLG,  

a.u. 

S1 555 593 25 550 592 20 550 592 18 549 592 15 

S2 562 598 15 561 599 15 562 599 15 562 599 14 

(λex (λem) – maximum wavelength of fluorescence excitation (emission) spectrum, I - emission intensity of dye 

in the presence of different proteins, a.u. – arbitrary units). 

Flow cytometry was used to study the ability of dye S1 and S2 to penetrate the cell 

membrane and specifically accumulate within cellular components.  

a 

c 

 

b 

Figure 1. Flow cytometry analysis of the cell membrane permeability of A2780 cell line stained with styryl 

dyes S1 and S2: (a) in concentration 10 µM/L; green profile: cells treated with DMSO; red profile: cells treated 

with dye S2; violet profile: cells treated with dye S1; (b) in concentration 1 µM/L; green profile: cells treated 

with DMSO; red profile: cells treated with dye S2; violet profile: cells treated with dye S1; (с) provides 

information about the internal complexity (i.e., survivability) of the cell.  
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Both dyes were studied at concentrations of 1 μM/L and 10 μM/L on the human ovarian 

cancer A2780 cell line. It was observed that the number of cells decreased at elevated 

concentrations, which may indicate the toxicity of dyes at high concentrations. Figure 1 

presents the flow cytometry results for dyes S1 and S2 at a concentration of 10μM/L (Figure 

1a) or 1μM/L (Figure 1b). For cells treated with dye S1, we have observed an increase in the 

intensity of the yellow fluorescence signal compared to the sample treated with DMSO. 

Contrarily, the fluorescence intensity of cells in the presence of dye S2 is almost 

indistinguishable from DMSO-containing control, which means the fluorescence of the dye is 

not identified in cells by this method.  

Despite the absence of a signal in the flow cytometry experiment for the dye S2, it was 

examined by fluorescence microscopy at similar concentrations. The human ovarian cancer 

A2780 cell line was used to study the distribution of the S2 in cells. The working concentration 

was optimized to 20 µM/L. The fluorescence imaging indicates that S2 is localized in the 

cytoplasm (Figure 2a). Commercially available cyanine dyes often efficiently target 

mitochondria [34].  

 
a 

 
b 

 
c 

 
d 

Figure 2. Fluorescence live-cell imaging of A2780 cells: (a) S2 staining (20 µM/L), (b) MitoTracker Green 

staining (100 nM/L), (c) Hoechst staining, (d) merged image. Scale bars – 20 μm.  

Co-localization of S2 and mitochondria-targeting standard dye MitoTracker Green 

(Figure 2b) was carried out to understand the specificity of the dye in cell imaging. In addition, 

the blue fluorescent standard dye Hoechst binding to nuclear DNA was also used for the co-

staining (Figure 2c). This study showed no co-localization of S2 with MitoTracker Green. 

Thus, the dye does not penetrate the nucleus nor colocalize with mitochondria in the cytoplasm 

(Figure 2d). We assume that introducing a negative carboxylic substituent reduces the 

efficiency of dye penetration into the cell, so the working concentration increases compared to 

S1. 
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4. Conclusions 

In the current investigation, we have presented a synthetic pathway for preparing two 

novel indolenine styrylcyanine derivatives, with one representative containing carboxylic 

moiety in its structure suitable for bioconjugation. The new styrylcyanines were characterized 

by elemental analysis, 1H NMR, ESI-MS, and U.V.–Vis spectroscopy and evaluated for their 

spectral-luminescent properties in organic solvents (DMSO, ACN, MeOH), an aqueous 

solution (0.05M Tris-HCl buffer pH 7.9). Additionally, spectroscopic behavior in the presence 

of a series of biomacromolecules has also been investigated. The absorption maxima of the 

studied dyes in organic solvents were situated between 544 and 563 nm, with the molar 

extinction values of (5.3-7.7)×104 M-1cm-1 depending on solvent and dye structure. The 

fluorescence intensity of styrylcyanines in DMSO was 4-5 times higher than in MeOH, ACN, 

MeOH, or an aqueous solution. The presence of the carboxylic group in the structure of S2 led 

to a bathochromic shift of fluorescence emission spectra while having no impact on dye 

specificity. No changes in the emission and absorption properties of investigated dyes were 

observed in the presence of tested biomacromolecules; the maximum absorption wavelength 

and fluorescence emission maximum were identical in the presence and absence of 

biomacromolecules. Both dyes proved to be cell-permeant, displaying cytoplasmic staining 

with more or less uniform distribution and no penetration of the nucleus membrane. We assume 

that introducing a negative carboxylic substituent reduces the efficiency of dye penetration into 

the cell and, thus, fluorescence imaging. Consequently, S2 working concentration increases 

compared to S1. Co-localization of S2 and mitochondria-targeting standard dye MitoTracker 

Green showed that S2 does not colocalize with mitochondria in the cytoplasm. 
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