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ABSTRACT: We propose symmetrical cationic trimethine cyanine
dyes with β-substituents in the polymethine chain based on modified
benzothiazole and benzoxazole heterocycles as probes for the
detection and visualization of live and fixed cells by fluorescence
microscopy. The spectral-luminescent properties of trimethine
cyanines have been characterized for free dyes and in the presence
of nucleic acids (NA) and globular proteins. The studied cyanines
are low to moderate fluorescent when free, but in the presence of
NA, they show an increase in emission intensity up to 111 times; the
most pronounced emission increase was observed for the dyes T-2 in
the presence of dsDNA and T-1 with RNA. Spectral methods
showed the binding of all dyes to nucleic acids, and different
interaction mechanisms have been proposed. The ability to visualize
cell components of the studied dyes has been evaluated using
different human cell lines (MCF-7, A2780, HeLa, and Hs27). We have shown that all dyes are cell-permeant staining nucleus
components, probably RNA-rich nucleoli with background fluorescence in the cytoplasm, except for the dye T-5. The dye T-5
selectively stains some structures in the cytoplasm of MCF-7 and A2780 cells associated with mitochondria or lysosomes. This effect
has also been confirmed for the normal type of cell line−human foreskin fibroblasts (Hs27). The costaining of dye T-5 with
MitoTracker CMXRos Red demonstrates specificity to mitochondria at a concentration of 0.1 μM. Colocalization analysis has
shown signals overlapping of dye T-5 and MitoTracker CMXRos Red (Pearson’s Coefficient value = 0.92 ± 0.04). The
photostability study shows benzoxazole dyes to be up to ∼7 times more photostable than benzothiazole ones. Moreover, studied
benzoxazoles are less cytotoxic at working concentrations than benzothiazoles (67% of cell viability for T-4, T-5 compared to 12%
for T-1, and ∼30% for T-2, T-3 after 24 h). Therefore, the benzoxazole T-4 dye is proposed for nucleic acid detection in vitro and
intracellular fluorescence imaging of live and fixed cells. In contrast, the benzoxazole dye T-5 is proposed as a good alternative to
commercial dyes for mitochondria staining in the green-yellow region of the spectrum.

■ INTRODUCTION
Fluorescence microscopy has become a prevalent research
method in modern cell biology since it gives incomparable
opportunities to understand cellular processes. Fluorescent
protein tags, organic dyes, carbon dotes, and other ways to
fluorescently label biomolecules, compartments, and organelles
provide a range of tools to investigate virtually any cellular
process under the microscope.1,2 For instance, it was reported
that fluorescent carbon dots could stain nuclei in live and fixed
cells. Besides, fluorescent carbon dots are widely applicable in
imaging, sensing, drug delivery, and nucleolus-related biological
behaviors.3,4 Although carbon dots possess favorable spectral-
luminescent characteristics, high photostability, and low
cytotoxicity, they still suffer from low biomolecule selectivity
and difficulties tuning biomolecule specificity. Most of them do
not provide higher sensitivity and selectivity compared to other
probes, mainly because of their low affinity and low enhancing/

quenching efficiency induced by the analyte of interest.5

Meanwhile, organic dyes are appealing stringing agents for
live-cell visualization because of their simultaneously favorable
optical properties, such as brightness and photostability, and
high specificity toward biomolecules. In addition, they can be
specifically designed to be membrane-permeable or membrane-
impermeable, depending on what we want to observe�
processes inside cells or on the surface.6

One of the most widespread classes of fluorescent organic
dyes is cyanines. The history of cyanine dyes began more than
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150 years ago when Williams reported the first synthesis of a
blue solid in 1856.7 Since then, cyanine dyes have been widely
applied in many areas, especially fluorescent imaging, due to
their good photophysical properties, high quantum yield values,
excellent biocompatibility, and low toxicity to biological
systems.8,9 Monomethine and polymethine cyanine dyes are
widely used for nucleic acid imaging. Their spectral properties
are more advanced than those of other noncyanine dyes, such as
Ethidium Bromide, DAPI, and Hoechst.10 Moreover, they can
be both membrane-permeant and membrane-impermeant. For
example, TOTO or TO-PRO dyes for NA-staining in the gel or
SYTOX dyes for dead-cell staining cannot penetrate inside a live
cell. For instance, SYTOX Green nucleic acid stain quickly
penetrates cells with compromised plasmamembranes. This dye
is a simple and quantitative dead-cell indicator successfully used
to detect mammalian cells and bacteria viability.11−13

On the other hand, cell-permeant cyanine dyes, such as SYTO
dyes, can be used for NA-staining in live cells. Nevertheless,
these dyes do not have selectivity and can stain DNA and RNA;
furthermore, they act as nuclear stains in live cells and can also
stain other compartments, such as mitochondria.14 For
fluorescent probes, the low fluorescence quantum yield in the
free state and the high quantum yield in the bound state, that is, a
sharp increase in fluorescence intensity upon binding to a
biomolecule, are essential.15 These fluorescent dyes differ from
fluorescent labels such as cyanines of the Cy3-Cy5 family dyes,
which work as fluorescent labels attached chemically to the
target molecule.16 Dyes from the Cy family have high intrinsic
fluorescence, quantum yield, and extinction coefficient and
cannot be used as fluorescently sensitive probes for noncovalent
binding and visualization of cell components. Thus, fluorescent
probes should have a wide range of opposite properties, which is
difficult to achieve in one molecule.15

Another example is SYBR family dyes, e.g., SYBR Green I,
which intensely stained DNA in live cells but has the
disadvantage that the fluorescence fades rapidly, and observa-
tion must be done as quickly as possible.17 Moreover, it has been
reported that monomethine cyanine dye Cyan 40 can be used
for the two-photon fluorescent visualization of KB cells (oral
epidermoid carcinoma).18 We have also shown that this dye in

low concentration could stain RNA-rich nucleoli without a
background in the cytoplasm and have reported highly specific
green-emitted monomethine cyanine dyes to stain RNA-
containing structures in cells.19 Besides this, our research
group proposed near-infrared fluorescent probes among
pentamethine cyanines and merocyanines as powerful far-red
fluorescent probes applicable for the highly sensitive detection
of albumins.20,21

Here we present our research of symmetrical cationic
trimethine cyanine dyes with β-substituents in the polymethine
chain based on substituted benzothiazole and benzoxazole
heterocycles (ethyl group at the 3 positions and ethoxy group at
the 6 positions for dye T-1, methyl group at the 3 positions for
dyes T-2−T-5 with additional chloro-group at the 5 positions
for dye T-5) as probes for nucleic acids detection and
visualization by fluorescence microscopy (Figure 1).

For the symmetrical β-methyl-substituted benzoxazole dyeT-
4, also known as Cyan 2-O, fluorescent sensitivity in complex
with dsDNA was shown to be higher than the corresponding
values for its benzothiazole analog Cyan 2.22 It was also
previously shown the fluorescent sensitivity to nucleic acids for
trimethine cyanine dyesT-2 (Cyan βPh) andT-3 (Cyan βPr),23
but their organelle specificity has not yet been investigated. For
effective primary binding to DNA, cationic cyanine dyes are
usually used.24 It was previously shown that introducing
substituents into β-position in the polymethine chain leads to
a decrease in the fluorescence quantum yields of free dyes, with
fluorescence response growing stronger with DNA presence as
compared to carbocyanine dyes.25

Thus, the spectral-luminescent properties of trimethine
cyanines have been studied in a free state in an aqueous buffer
and in the presence of double-stranded DNA (dsDNA), RNA,
human serum albumin (HSA), and beta-lactoglobulin (BLG).
Furthermore, the ability of the studied dyes to penetrate the cell
and stain its components has been investigated using human
cancer MCF-7, A2780, HeLa, and normal Hs27 cell lines as
models. First, different dye concentrations in live and fixed
MCF-7 cells were used to determine the working conditions of
each dye. Next, the ability to stain cells was confirmed for other
cancer cell lines and normal Hs27 cells. According to

Figure 1. Chemical structure of studied symmetrical trimethine cyanine dyes T-1−T-5.
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photostability evaluation, benzoxazole cyanine dyes (T-4, T-5)
are more photostable than benzothiazoles (T-1, T-2, and T-3).
We have tested dyes for cytotoxicity toward the A2780 cell line
using standard MTT assay. Benzoxazoles are also shown lower
cytotoxicity. Moreover, the dye T-5 has a lower concentration
selectivity toward cell components in the cytoplasm. Thus, the
T-5 dye was chosen for further studies. For this dye, a human
foreskin fibroblast cell line (Hs27) was used to check whether
the dye T-5 at working concentration has the specificity staining
pattern in cells. Finally, the mitochondria staining by
benzoxazole T-5 dye was confirmed by colocalization analysis
with MitoTracker CMXRos Red.

■ MATERIAL AND METHODS
Materials. Dimethyl sulfoxide (DMSO), methanol

(MeOH), distilled water, and 0.05 M Tris-HCl buffer (pH
7.9) were used as solvents. In addition, high molecular weight
dsDNA (double-stranded DNA) from Salmon testis, RNA,
human serum albumin (HSA), and beta-lactoglobulin (BLG)
were purchased from Sigma-Aldrich Co. MitoTracker CMXRos
Red, LysoTracker Deep Red, Hoechst 33342, and Thiazolyl
Blue tetrazolium bromide (MTT) were purchased from
ThermoFisher Scientific (Invitrogen).
The Synthesis of Symmetrical Trimethine Cyanine

Dyes. 6-Ethoxy-2-((1Z,3Z)-3-(6-ethoxy-3-ethylbenzo[d]-
thiazol-2(3H)-ylidene)-2-methoxyprop-1-en-1-yl)-3-
ethylbenzo[d]thiazol-3-ium iodide (T-1). Dye T-1 was
synthesized by condensation of 6-ethoxy-3-ethyl-2-methyl-1,3-
benzothiazolium iodide with triethyl orthoformate.26

1HNMR (400MHz, dmso) δ 7.73 (d, J = 9.1Hz, 2H), 7.69 (s,
2H), 7.20 (dd, J = 8.9, 2.6 Hz, 2H), 6.45 (s, 2H), 4.46 (q, J = 6.9,
6.9, 6.8 Hz, 4H), 4.10 (q, J = 7.0, 6.9, 6.9 Hz, 4H), 2.57 (s, 3H),
1.37 (m, 12H). ES-API MS (positive range) m/z: Calcd for
[C25H28N2O3S2+H]+: 469.2. Found: 469.0
3-Methyl-2-[3-(3-methyl-2,3-dihydro-1,3-benzothiazol-2-

ylidene)-2-phenyl-1-propenyl]-trimethinium iodide (T-2).
Dye T-2 also known as Cyan βPh23 was synthesized as
described27,28 using iodomethylates of the corresponding salts
of alkylthio derivatives of 3-methyl-benzothiazole.
3-Methyl-2-[2-(3-methyl-2,3-dihydro-1,3-benzothiazol-2-

ylidenemethyl)-1-pentenyl]-trimethinium iodide (T-3). Dye
T-3 also known as Cyan βPr23 was synthesized as described27,28

using iodomethylates of the corresponding salts of alkylthio
derivatives of 3-methyl-benzothiazole.
3-Methyl-2-[2-methyl-3-(3-methyl-2,3-dihydro-1,3-ben-

zooxazol-2-ylidene)-1-propenyl)-1,3-benzooxazol]-trime-
thine iodide (T-4). B-methyl-substituted benzoxazole dye T-4
also known as Cyan 2-O(J6)22,29 was synthesized as described in
refs 22 and 23 using the orthoester method.
5-Chloro-2-((E)-2-((Z)-(5-chloro-3-methylbenzo[d]thiazol-

2(3H)-ylidene)methyl)but-1-en-1-yl)-3-methylbenzo[d]-
thiazol-3-ium perchlorate (T-5). Dye T-5 was synthesized by
condensation of 5-cloro-2,3-dimethylbezoxazole ethyl sulfate
with triethyl orthoformate by the procedure described in ref 30.

1H NMR (400 MHz, dmso) δ 7.91 (m, 2H), 7.83 (m, 2H),
7.43 (d, J = 8.9 Hz, 2H), 5.83 (m, 2H), 3.74 (s, 6H), 2.50 (m, 2H
+DMSO), 1.31 (t, J = 7.4, 7.4 Hz, 3H). ES-API MS (positive
range) m/z: Calcd for [M + H]+: 434.0. Found: 434.0.

The structure of the compounds was confirmed by NMR H1

spectroscopy and element analysis.
The Preparation of Stock/Working Solutions of Dyes,

Nucleic Acids, and Proteins. Dye stock solutions were
prepared by dissolving the dyes at 2 mM concentration in

DMSO. Working solutions of free dyes were prepared by
diluting the dye stock solution in 0.05 M Tris-HCl buffer or
MeOH. The dye working concentrations amounted to 5 μM.
Working solutions of the dyes in the presence of nucleic acids
were prepared by adding the aliquot of the dye stock solution to
the nucleic acid working solution. Nucleic acid stock solutions
were equal to 6 × 10−3 M for dsDNA from Salmon testis and 1.2
× 10−2 M for RNA.Working solutions were prepared by diluting
the stock solution 100 times to final dsDNA and RNA
concentrations of 6 × 10−5 M bp and 1.2 × 10−4 M bases,
respectively. Protein stock solutions (HSA, BLG) were prepared
by dissolving in 0.05 M Tris-HCl buffer pH 7.9 at a
concentration equal to 0.2 mg/mL. Working solutions were
prepared by adding the dye aliquots to the protein stock
solutions. All working solutions were prepared immediately
before the experiments.
Spectroscopic Measurements. Spectroscopic measure-

ments were performed in a standard quartz cuvette (10 × 10
mm). Fluorescence excitation and emission spectra were
recorded using the Cary Eclipse fluorescence spectrophotom-
eter (Varian, Australia). Absorption spectra were registered
using the spectrophotometer Shimadzu UV-3600. All the
spectral-luminescent characteristics of dyes were studied at
room temperature.
Cell Culture Cultivation. The human breast adenocarci-

noma cell line (MCF-7) was obtained from the Bank of Cell
Lines of the R. E. Kavetsky Institute of Experimental Pathology,
Oncology and Radiobiology, NASU (Ukraine). Human foreskin
fibroblasts HFF Hs27 (ATCC CRL-1634) were gifted by
Jonathan Howard from the Instituto Gulbenkian de Cien̂cia
(Portugal). The human ovarian cell line (A2780) was purchased
from Sigma-Aldrich. HeLa(CCL-2) cell line was obtained from
ATCC.

The MCF-7 and HHF Hs27 cells were cultivated in DMEM
culture medium (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS), 4 mM L-glutamine, 50 units/mL penicillin,
and 50 μg/mL streptomycin at 37 °C in 5% CO2. In addition,
A2780 cells were cultivated in RPMI-1640 medium supple-
mented with 10% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin at 37 °C in 5% CO2 to 80−90% confluence. Cells
were detached from the flask by using trypsin/EDTA solution
(0.025%/0.01%, w/v, Biochrom GmbH, Germany) in DPBS.

MCF-7 cells were seeded on sterile glass coverslips in 24-well
plates 48 h before further experiments at the concentration of 2
× 104 cells per well in 1 mL of DMEM medium containing 10%
FBS, 4 mM glutamine, 50 units/mL penicillin, and 50 μg/mL
streptomycin. HeLa and Hs27 cells were seeded in an 8-well-
chambered cover glass with #1.5 high-performance cover glass
(Cellvis) 24 h before the experiment at the concentration of 2 ×
104 cells per well in 0.4 mL of DMEM medium containing 10%
FBS, 4 mM glutamine, 50 units/mL penicillin, and 50 μg/mL
streptomycin. The samples were stored at 37 °C in 5% CO2
overnight. The A2780 cells were seeded at 80 cells/μL per glass-
bottom fluorescent dish (μ-Dish 35 mm, high, ibidi GmbH,
Germany) in RPMI-1640 medium with 5% FBS. Cell number
counting was performed using a hemocytometer or via Guava
easyCyteTM 6−2L Flow cytometer (Merck Millipore, Darm-
stadt, Germany).
MCF-7 Live-Cell and Fixed Cell Fluorescence Micros-

copy. For live-cell imaging of MCF-7, cells were washed twice
with preheated PBS. After that, the cells were incubated with
cyanine dyes in FluoroBrite DMEM (Gibco, USA) without FBS
for 30 min at 37 °C in 5% CO2. Cells were then rewashed with
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PBS and placed in FluoroBrite DMEM. For fixed-cell imaging,
MCF-7 cells were fixed in 10% neutral buffered formalin (Sigma-
Aldrich, USA) for 15 min at room temperature (RT). Next, cell
membranes were permeabilized with 0.2% Triton X-100 in PBS
for 10 min at RT. After that, cells were incubated with 10 mM
cupric sulfate and 50 mM ammonium acetate (pH 5.0) for 30
min at RT to reduce autofluorescence. Next, cyanine dyes in
PBS were added to the samples for 30 min at RT in the dark.
During incubations, cells were washed three times with PBS. In
the end, samples were embedded into Mowiol 4−88 mounting
medium (Sigma-Aldrich, USA) containing 2.5% DABCO
(Sigma-Aldrich, USA). Microscopy image acquisition of MCF-
7 cells was performed using Leica DM 1000 epifluorescent
microscope with the following excitation (ex) filters: ex 355−
425 nm for Hoechst 33342, ex 450−490 nm for benzoxazole
dyes, and ex 515−560 nm for benzothiazoles.
A2780, HeLa, and Hs27 Live-Cell Fluorescence

Microscopy and Colocalization Study. HeLa and HHF
Hs27 cells were washed twice with preheated PBS for live-cell
imaging. After that, a solution of Hoechst 33342 in DMEM
culture medium (Gibco, USA) was added, and cells were left for
10 min at 37 °C in 5% CO2. The cells were then rewashed twice
with PBS, and the solution of the cyanine dyes was added to the
DMEM culture medium. Cells were incubated for 20 min at 37
°C in 5% CO2 and rewashed twice after with PBS. FluoroBrite
DMEMmediumwas then added. Images were acquired with the
commercial Nikon High Content Screening microscope
equipped with an Andor Zyla 4.2 sCMOS camera and heating
and atmospheric control chamber, using a 40× 1.30NA Oil
objective and excitation lasers: 380 nm for Hoechst 33342, 480
nm for benzoxazole dyes T-4−T-5, 550 nm for benzothiazole
dyes T-1−T-3. Images were proceeded using free software Fiji/
ImageJ v1.53f51.31

For the T-5 colocalization with LysoTracker DeepRed, the
A2780 cell line was used. Every fluorescent dish with 2 mL of
total volume was left at 37 °C in 5% CO2 overnight. On the next
day, for the colocalization study, solutions of Hoechst 33342,
LysoTracker DeepRed, and the dye T-5 in DMSO were added
into separate and the same dishes for 30min of incubation forT-
5, 15 min for Hoechst 33342 and LysoTracker DeepRed (1 and
0.1 μM for T-5, and 50 nM for LysoTracker DeepRed). For
other dyes, the following concentrations were used: 10 μM for
T-1, 1 μM for T-2 and T-3, and 0.1 μM for T-4. Then the cells
were washed twice with DPBS, and 5% Medium (2 mL) was
added. The fluorescence images were taken with a Zeiss Axio
Vert.A1 and filter set: ex 625−655/em 665−715 nm (deep red)
for the detection of LysoTracker DeepRed, ex 335−383/em
420−470 nm (blue) for the detection of Hoechst 33342, and ex
450−490/em 500−550 nm (green) for the detection of T-5, T-
4, and ex 538−562/em 570−640 nm for dyesT-1,T-2, andT-3.

Objective: 40×1.30. Oil (DIC). Images were proceeded using
free software Fiji/ImageJ v1.53f51.31

For the colocalization study with MitoTracker CMXRos Red,
the HHF Hs27 cell line was used. Before the experiment, the
growth medium was removed, and the Hs27 cells were washed
twice with preheated PBS. After that, the cells were incubated
with MitoTracker CMXRos Red in DMEM culture medium
(Gibco, USA) for 15 min at 37 °C in 5% CO2. The cells were
then rewashed with PBS, and the solution of the cyanine dyeT-5
was added to FluoroBrite DMEMmedium. Cells were incubated
with this solution for 20 min at 37 °C in 5% CO2. Images of
Hs27 cells were acquired on the Zeiss LSM980 system,
equipped with a dark heating and atmospheric control chamber,
using Airyscan SR mode, a 63× 1.4NA Oil immersion objective,
with 488 nm laser for the excitation of the dye T-5 and 561 nm
laser for the excitation of MitoTracker CMXRos Red with the
same laser power and scanning speed for all acquisitions. Images
were acquired at 37 °C in 5% CO2. Obtained Airyscan images
were processed with ZEN Blue 3.3 and analyzed using free
software Fiji/ImageJ v1.53f51.31 For colocalization analysis,
seven images of cells stained with T-5 dye and MitoTracker
CMXRos Red were acquired, and Pearson’s coefficient of
correlation was obtained using Fiji plugin JACoP32 with a
followed average value and standard deviation calculation.
The Time-Dependent Photostability Study. The irre-

versible bleaching of trimethine dyes fluorescence was
monitored under constant irradiation as a function of time.
HeLa andHHFHs27 cells were seeded at concentration 2 × 104

cells per well in 8 Well Chambered Cover Glass with #1.5 high-
performance cover glass (Cellvis) 24 h prior to the experiment.
Before the experiment, the growth medium was removed, and
the cells were washed twice with preheated PBS. After that, the
cells were incubated with Hoechst 33342 in DMEM culture
medium (Gibco, USA) for 10 min at 37 °C in 5% CO2. Then
cells were rewashed with PBS, and a solution of the cyanine dyes
in DMEM culture medium was added at their working
concentrations (given in Figure 6) for 20 min. After cells were
rewashed twice with PBS and FluoroBrite DMEM was added.
Fluorescence was excited with 380 nm laser for Hoechst33342,
550 nm for T-1−T-3, and 480 nm for T-4−T-5 using the
commercial Nikon High Content Screening microscope
equipped with an Andor Zyla 4.2 sCMOS camera and heating
and atmospheric control chamber, using a 40× 1.30NA Oil
objective. The fluorescence intensity was measured using a
special mode in NIS-Elements AR 4.60 software for 8 min. The
software recorded values every 0.05 or 0.1 s. Fluorescence
intensity was normalized as I/I0, where I0 is the fluorescence
intensity at zero time point (0 min 00 s) and I is the fluorescence
intensity at a given time point (up to 8 min).
Cytotoxicity Assay. Cytocompatibility of trimethine dyes

toward A2780 cells was assessed by the standard MTT

Table 1. Characteristics of Vis Absorption Spectra of Dyesa

Tris-HCl buffer, pH 7.9 Tris-HCl buffer, with RNA Tris-HCl buffer, with dsDNA MeOH

dye λmax (nm) λmax (nm) λmax (nm) λmax (nm) ε (105 M−1cm−1)

T-1 500/552* 502*/562 461*/530*/565 559 1.1
T-2 507*/543 514*/548 510*/544 545 0.7
T-3 504*/541 514*/545 512*/544 543 1.2
T-4 460*/486 463*/487 470*/495 460*/488 0.9
T-5 465*/492 475*/497 473*/497 467*/494 1.7

aλmax, maximum wavelength of the absorption spectrum; *, characteristic shoulder at the edge of the main band; ε, molar extinction coefficient at
λmax, calculated from the main absorption maximum optical density.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05231
ACS Omega 2022, 7, 47734−47746

47737

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cytotoxicity assay based on the reduction of MTT tetrazolium to
MTT formazan pigment by the metabolic activity of living cells.
For this, A2780 cells were seeded at the concentration of 250
cells/μL per well in a 96-well plate. Three separate plates with
three replicate wells were used for each DMSO-containing
control and tested concentrations. T-1−T-5 dyes in three
different concentrations of 10, 1, and 0.1 μM (1 μL of DMSO
stock solution) were added to the cells (100 μL per well into 96-
well plates) and incubated for 6 and 24 h. After incubation, the
MTT dye (20 μL in PBS, 5 mg/mL stock solution) was added to
the cells and incubated for 3 h. Then, 10% SDS solution (90 μL
per well) was added. After overnight incubation, the absorption
of suspensions at λ 590 and 690 nm was measured. The value of
A(590 nm)−A(690 nm) counted as a value proportional to the
percentage of living cells (compared to DMSO-containing
samples as control ones).

■ RESULTS AND DISCUSSION
Photophysical Properties of the Symmetrical Trime-

thine Cyanine Dyes. We have obtained Vis spectra of the
trimethine cyanine dyes in methanol and aqueous buffer 0.05 M
Tris-HCl, pH 7.9 (Table 1, Figure S1). The absorption maxima
of the trimethine cyanines in methanol are located in the range
of 488−559 nm, and the molar extinction values are in the range
(0.7−1.7) × 105 M−1 cm−1. The spectra of the cyanine dyes in
methanol are suggested to belong to their monomeric form. We
have observed that the positions of the absorption maximum are
different and depend on heterocycles in dyes structures. Thus,
the maximums of benzothiazole cyanines (T-1, T-2, T-3) are
located in the longer wavelength region of the spectrum (543−
559 nm) compared to the benzoxazole dyes T-4 and T-5 (488−
494 nm). The absorption of cyanines is determined by the
existence of the delocalized π-electron system. Therefore, it
depends on the length of the polymethine chain. At the same
time, heavy atoms in the heterocycle change the effective length
of the π-electron system, affecting the absorption and emission
maxima.33 As most symmetric cyanines, T-1, T-4, and T-5 have
an utter short-wavelength vibronic maximum as a characteristic
shoulder at the short-wavelength edge of the main band in their
absorption spectra (Figure S1a).34

The aggregation morphology of dyes can significantly affect
their optical properties.35 Benzoxazole dyes (T-4, T-5) are
presented in monomeric form in methanol and aqueous buffer
solution (Figure S1a, b). Benzothiazole cyanines T-2 and T-3
undergo self-organization in an aqueous solution. The reduction

in the absorption of the monomer band and the appearance of a
new maximum at shorter wavelengths 504−507 nm has been
observed (Figure S1a, b). In the case of the T-3, the ε of the
aggregates maximum is almost equal to the ε of the monomers
maximum. The addition of these hypsochromic peaks is a
hallmark of forming H-aggregates (H-type dimers).33,36

Dimerization of cyanines can lead to longer excited singlet
lifetimes but weak or no fluorescence.35 The dye T-1 in the
buffer solution exists as H-dimers with a blue-shifted absorption
peak at 502 nm compared to the monomers (552 nm) with
higher ε (Figure S1b). We can suggest the strong aggregation
behavior of benzothiazole dyes (T-1, T-2, T-3) in an aqueous
solution.

We have also estimated absorption spectra in the presence of
dsDNA and RNA (Table 1, Figure S1c, d). A characteristic
feature of the cyanine spectra in the presence of dsDNA and
RNA is the bathochromic shift of the monomer absorption
maxima relative to free dyes up to 10 nm (Table 1). According to
the literature, such behavior is suggested to be caused by a
different immediate environment of chromophores due to
complexation with nucleic acids.37 The long-wavelength shift in
the absorption maxima is known to be observed due to a
decrease in the nucleophilicity of the environment.37

In addition, there is an increase in optical density for
monomer bands and a decrease for H-type dimer bands in the
case ofT-2 andT-3 dyes (Figure S1c, d). This behavior indicates
a dye-nucleic acid interaction, preferably in monomeric form.
For T-4 and T-5 dyes, the shoulder at the edge of the main band
disappears almost entirely in the presence of dsDNA (Figure
S1c) with an immediate effect in the presence of RNA (Figure
S1d). This behavior also indicates the dye-nucleic acid
interaction in monomeric form.

For the dye T-1, different aggregation behavior is observed
depending on the type of nucleic acid (Figure 2a, b). Thus, in the
presence of RNA, broad maxima of the monomer (longwave)
and dimer (shortwave) are observed (Figure 2b). The optical
density of the dye monomer is twice less than the optical density
of the dimer. However, the shape of the spectra differs slightly
from that of the free dye in the buffer solution. Increasing RNA
concentration leads to a slightly decreasing absorbance of the H-
band, indicating the slow breakdown of the H-aggregates with
the minimal recovery of the monomer bands, which reach
equilibrium at the concentration of 0.32 mg/mL. Further
addition of RNA does not affect the H-dimers of the dye T-1.

Figure 2.Absorption spectra of the trimethine cyanine dyeT-1 in dsDNA (a) and RNA (b) presence in 0.05MTris-HCl (pH 7.9). Dye concentration
5 μM.
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In the presence of dsDNA, besides the absorption maxima of
the monomer and dimer of the T-1, there is also the third blue-
shifted absorption maximum band that appears at lower
wavelengths with a large Stokes shift relative to the monomer
(104 nm, Figure 2a). In most cases, the H-type aggregates of
cyanine dyes are limited to H-dimers and extended H-type
aggregates when dye molecules form head-to-head H-type
aggregates, and ideally appear commonly as a broad absorption
band with quenching properties.38 As an exception, the
formation of the chiral arrangement of cyanine dyes with a
narrow absorption band, a huge Stokes shift of cyanine dye
bound to gemini surfactants, has been previously shown.35 We
can assume a similar aggregation behavior of the T-1 dye on the
dsDNA template (Figure 2a). This effect is not observed for
RNA, most likely because it exists mainly in a single-stranded
form. Thus, increasing the concentration of dsDNA leads to a
gradually decreasing absorbance of the narrow absorption H-
band, indicating the progressive disruption of the H-aggregates.
As shown in Figure 2a, the second H-band almost completely
disappears upon adding 0.2 mg/mL of dsDNA. Based on the
absorption spectra, all the dyes studied interact with nucleic
acids but have different preferable types of binding.

Spectral-luminescent properties of the symmetrical trime-
thine cyanine dyes free in Tris-HCl buffer pH 7.9 solution and
the presence of nucleic acids are presented in Table 2. These
dyes possess low to moderate fluorescence intensity in the
aqueous buffer. Introducing bulky substituents into the cyanine
polymethine chain could decrease its free-state fluorescence
intensity compared to the unsubstituted analogs. This effect is
observed for the dye T-2 compared to T-3, which are
structurally identical except for the substituent in the
polymethine chain. Similar to the main absorption bands,
fluorescence emission maxima depend on the presence of heavy
atoms in heterocycles. In the case of the benzoxazole ring,
trimethine cyanine fluorescence is observed at 501−506 nm,
while those of benzothiazole have a maximum of 564−580 nm.
The Stokes shift value for free dyes is in the range of 12 to 18 nm.

The addition of nucleic acids leads to an increase in
fluorescence intensity (15−111 times). The maximums of the
fluorescence emission spectra of dyes in the presence of RNA
and dsDNA are shifted in the long-wavelength region for 4−13
nm. The increase in Stokes shift is observed forT-2 andT-3 dyes
in the presence of nucleic acids (Table 2). Themost pronounced
fluorescent response is observed for T-1 in the presence of
dsDNA (111 times) and up to 83 times for dye T-2 in the
presence of RNA. The fluorescent sensitivity of the studied dyes
to dsDNA and RNA is not similar, as seen in Table 2. The T-2
and T-3 dyes were 1.5−2.2 times more sensitive to RNA than to
dsDNA.T-1 dye was 1.5 times more sensitive to dsDNA than to

RNA. For other dyes, the IRNA/IDNA ratio was 0.7−0.89 (Table
2), probably meaning no selective specificity to NA.

The binding of dyes to nucleic acids, depending on their
structure, can occur by (i) electrostatic interaction between the
cationic dyes and the anionic phosphodiester groups of the
dsDNA/RNA backbone, (ii) intercalation between adjacent
base pairs, (iii) minor groove binding,10,39 and (iv) half-
intercalation interaction mode.40,41 It is also known that groove
binding to DNA becomes more prevalent for the cyanine dyes
with more than one methine bridge. For example, trimethine-
bridged cyanine dyes have been shown to bind to the minor
DNA groove as monomers and dimers.42

For dyes T-2 and T-3 with nucleic acids (both dsDNA and
RNA), there is an increase in the value of the Stokes shift (ΔS)
by 11−16 nm. The increase in the ΔS for cyanine dyes occurs
with increasing electron asymmetry of the molecule.43 The
electrical asymmetry of the dye molecule increases with the half-
intercalating mode of binding to DNA when the molecule is
simultaneously oriented in the dipole medium between base
pairs and negative charges of phosphate groups in the groove.
Thus, given the increase in ΔS values and the partial destruction
of dimers in the absorption spectra in the presence of dsDNA, it
can be assumed that the dyes T-2 and T-3 also bind to dsDNA
due to a half-intercalating mechanism in monomeric form.

As mentioned above, we have observed that dyesT-2 andT-3
have slightly higher fluorescence sensitivity to RNA than
dsDNA. The different sensitivity of benzothiazole cyanine
dyes for different NA was explained in.44 These dyes could
selectively form fluorescent J-aggregates when bound to the
DNA molecule. However, based on our results in Table 1, the
studied benzothiazole cyanine dyes do not form J-aggregate
peaks in the absorbance spectra. Thus, we have considered
another explanation for this phenomenon. For example, forms of
secondary structures of RNA make the binding sites for these
dyes more preferable. In ref 45, perturbations of the A-form helix
of the RNA molecule induced by un- or mispaired bases widen
the major groove to provide a surface-exposed binding pocket,
and pockets found in RNA present varying degrees of
electronegative potentials. The various folds adopted by the
different secondary structures offer specific binding sites further
characterized by their electronegative landscape. Binding to
such pockets can lead to changes in the electrical asymmetry of
the dye molecules, which is confirmed by an increase in the ΔS
for T-2 and T-3 in the presence of RNA. Therefore, we can
suggest that the addition of the longer β-substituents in the
polymethine chain led to stronger binding to the secondary
structure of the RNA molecule than dsDNA.

Themost significant changes occur in the electronic spectra of
the dsDNA complex with the T-1 dye (Figure 2a), which shows
the highest increase in fluorescence in its presence. Redis-

Table 2. Spectral-Luminescent Properties of Trimethine Cyanine Dyes in a Free State and the Presence of Nucleic Acids in 0.05
M Tris-HCl Buffer (pH 7.9)a

free state with RNA with dsDNA

λex. (nm) λem. (nm) I (a.u.) ΔS (nm) λex. (nm) λem. (nm) IRNA/I (t) ΔSRNA (nm) λex. (nm) λem. (nm) IDNA/I (t) ΔSDNA (nm)

T-1 562 580 15 18 567 584 75 17 566 578 111 12
T-2 554 567 46 13 550 575 83 25 545 569 56 24
T-3 552 564 118 12 548 574 33 26 545 567 15 22
T-4 488 501 124 12 499 511 65 12 500 511 73 11
T-5 493 506 312 13 505 519 26 14 505 517 37 12

aλex. (λem.), maximum wavelength of fluorescence excitation (emission) spectrum; I, emission intensity of dye in a free state (I) and in the presence
of nucleic acids (IRNA, IDNA); a.u., arbitrary units; t, the number of times; ΔS, Stokes shift.
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tribution between three electronic bands upon adding dsDNA
indicates three distinct binding modes. We suggest that the
addition of dsDNA leads to the formation of the arrangement of
dye molecules at 461 nm using dsDNA as a template. These

aggregates can interact with dsDNA through electrostatic
binding or small groove binding. Subsequent addition of
dsDNA leads to the destruction of the aggregates and increases
the absorption maximum of the monomers, accompanied by an

Figure 3. Fluorescence imaging of live (a) and fixed (b)MCF-7 cells stained with the studied dyesT-1−T-5 (dyes concentrations for live cell imaging:
T-1−10 μM; T-2, T-3−1 μM; T-4, T-5−0.1 μM; for fixed cell imaging: T-1, T-4−1 μM; T-2, T-3, T-5−0.1 μM). Scale bars: 10 μm.
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increase in fluorescence. The other absorption peak at 565 nm
proportionally increases with the destruction of aggregates and
is most probably associated with an intercalated complex. These
observations indicate that the dye T-1 is bound to dsDNA in
monomeric form with an increased DNA/dye ratio and that the
preferred binding mode can be intercalative. In the presence of
proteins (HSA and BLG), no significant increase in the
fluorescence intensity of the dyes was observed (Table S1).
Thus, the fluorescence specificity and interaction with nucleic
acids by spectral methods are shown for all studied dyes.
The Fluorescence Microscopy Study of Staining

Properties of Trimethine Cyanine Dyes in Cancer Cells.
To understand if the studied trimethine cyanine dyes are
suitable for cell visualization by fluorescence microscopy, we
have stained human breast cancer cells MCF-7 with the
following visualization. We suggested that the dyes may be
specific for nucleic acids in cells (RNA-containing cell organelles
or nuclei). Therefore, we have investigated the ability of dyes to
penetrate the cell and stain its components (Figure 3).

TheMCF-7 cell line was chosen for this purpose because it is a
well-characterized, widely used breast cancer model with
adherent and nicely spread cells suitable for imaging subcellular
architecture.46 MCF-7 cells were incubated with different dye
concentrations (10 μM, 1 μM, 0.1 μM) to determine the
working conditions of the dyes. We have used 450−490 nm
irradiation for benzoxazoles and 515−560 nm irradiation for
benzothiazoles to excite the fluorescence of the cyanine dyes
studied.

We have found that all dyes proved to be membrane-
permeant and stain the subcellular components both in live and
fixed cells with different sensitivity (Figure 3). Optimal results
for live cell staining were obtained at the following
concentrations: 10 μM for dye T-1, 1 μM for dyes T-2 and T-
3, and 0.1 μM for dyes T-4 and T-5. For fixed cell staining,
optimal conditions were 1 μM for dyes T-1, and T-4, 0.1 μM for
dyes T-2, T-3, and T-5. All studied dyes penetrated the nuclear
membrane and stained large structures within the nucleus, most
probably nucleoli, except for the dye T-5, which at the
concentration of 0.1 μM, specifically stains some structures in
the cytoplasm of MCF-7 cells.

In fixed cells, the dyes studied possessed a similar behavior
with slightly stronger fluorescence in the cytoplasm. The

exception is the T-5 dye, which shows a different staining
pattern from live to fixed cells at the same concentration of 0.1
μM: (i) staining compartments (mitochondria or lysosomes) in
the cytoplasm without nucleus penetration in live cells and (ii)
penetrates the nucleus and staining nucleoli with background
fluorescence in the cytoplasm in fixed cells. Usually, a charge of
the mitochondria membrane is involved in binding dyes to this
organelle, but in fixed cells, the charge disappears, and binding
does not occur. Thus, we don’t see the dye accumulation in the
cytoplasm and, consequently, weak fluorescent green back-
ground with quite a bright staining of nucleoli.

Staining two more cancer cell lines (human ovarian
adenocarcinoma cell line A2780 and cervical cancer cell line
HeLa) was performed to check if the staining pattern remains
the same regardless of cell type. It was shown that dyes penetrate
cytoplasm membranes and stain A2780 and HeLa cell
compartments at the same working concentration as MCF-7
(Figures S2 and S3).

The cytocompatibility of the dyes has been investigated using
cell line A2780. A standard cytotoxicity MTT test was
performed for 6 and 24 h (Figure 4). After 24 h, studied
benzoxazoles are less cytotoxic to cancer cells at working
concentrations than benzothiazoles (67% of cell viability
compared to 12% for T-1 and ∼30% for T-2, T-3). In contrast,
after 6 h, benzoxazoles T-4/T-5 and benzothiazoles T-2/T-3 at
working concentrations show almost the same cytotoxicity
(∼85% of cell viability). However, the toxicity of benzothiazoles,
but not benzoxazoles, increases with increasing concentration.

Thus, the dyes T-4 and T-5 have the highest cytocompati-
bility, ensuring the applicability of this dye as a potentially useful
probe for long-term live-cell imaging.
Staining of Human Foreskin Fibroblasts by Trime-

thine Cyanine Dyes. The membrane potential (Vm) in cancer
cells changes. Namely, electrophysiological analyses in many
cancer cell types have shown a depolarized Vm.

47 As a result, the
cancer cell surface is negatively charged, and the cytoplasm has a
positive charge. Furthermore, cancer cells have a higher
intracellular pH (≥7.4) and a lower extracellular pH (∼6.7−
7.1).48 These pH conditions in cancer cells are entirely opposite
to the pH gradient of normal cells.49,50 This hallmark of cancer
cells lies in the overactivation of plasma membrane ion pumps
and transporters that extrude protons and intrude other ions.

Figure 4.Comparisons of the cytotoxicity of trimethine cyaninesT-1−T-5 at different concentrations (0.1, 1, and 10 μM) toward A2780 cells for 6 (a)
and 24 (b) h. Working concentrations are marked with a circle. The standard deviation is presented as error bars.
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Moreover, the mitochondria membrane of cancer cells is
hyperpolarized compared to normal cells.51 Another character-
istic of cancer cell metabolism is the higher ROS levels observed
in the tumor cells than in healthy ones. Because the studied dyes
carry a positive (cationic) charge, it was decided to test whether
differences in these parameters in cancer and normal cells affect
the ability of the dyes to penetrate the cell and their organelle
specificity. For this purpose, the human foreskin fibroblast cell
line (Hs27) was selected as a model object for live-cell imaging.

The fluorescent microscopy study has shown that all studied
dyes keep the same staining pattern in normal Hs27 cells as in
cancer cells MCF-7, except for dye T-1. Thus, this dye does not
penetrate the nucleus of Hs27 and stains some roundish

structures in the cytoplasm that could be swollen mitochondria
or lysosomes (Figure 5).
The Time-Dependent Photostability of Trimethine

Cyanine Dyes in HeLa and Hs27 Cells. Photodegradation,
commonly referred to as photobleaching, depletes the
fluorophore concentration under prolonged irradiation and
represents one of the most severe limitations in fluorescence
microscopy.33 We have investigated the photostability of dyes
under continuous irradiation in cancer HeLa and normal Hs27
cells. Benzoxazole cyanine dyes are more photostable under
direct irradiation than benzothiazole ones (Figure 6a).
Increasing the length of the polymethine chain for cyanine
was shown to reduce photostability.52 After 1 min 30 s of

Figure 5. Fluorescence imaging of live Hs27 cells stained with the studied dyesT-1−T-5. (T-1 at the concentration of 10 μM,T-2, andT-3 dyes at the
concentration of 1 μM, T-4, and T-5 at the concentration of 0.1 μM). Scale bars: 10 μm.
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constant irradiation in Hs27 cells, benzoxazole T-4 and T-5
remain at 22% and 15% of their fluorescence intensity,
respectively. In the case of HeLa cells, they remain at 10% and
15% of fluorescence intensity.

In contrast, dyesT-2/T-3 in Hs27 cells were up to 2 times less
photostable (and the dyeT-1 is ∼7 times less stable compared to
T-4). All benzothiazoles in HeLa cells are 7 times less stable than
benzoxazoles. However, a lower concentration of T-3 (0.1 μM)
had to be used in cancer cells due to the signal’s overbrightness.
Similar results were previously shown on monomethine cyanine
dyes, where benzoxazole derivative was ∼5 times more
photostable than benzothiazoles.19 We suggest that a heavy
atom in the heterocycle of benzoxazole reduces the effective
length of the π-electron system (thus, the length of the
polymethine chain), positively affecting the stability of T-4
and T-5 dyes. The obtained photostability results are consistent
with the location of the absorption maximums and the relation
between the polymethine chain length and photostability. We
assume symmetrical cationic benzoxazole cyanines as more
suitable probes for cell visualization, and the dyeT-5was chosen
for further studies.
Cells Staining by the Benzoxazole Dye T-5 and Its

Colocalization with MitoTracker CMXRos Red. T-5
staining ability was examined in another cancer cell line�
A2780. At a working concentration equal to 0.1 μM, the same
staining pattern as above was shown: the dye could penetrate
inside the cell, without penetration through the nuclear
membrane and stain some structures inside the cytoplasm

(Figure S4b). Also, as already shown for MCF-7, this dye lost its
specificity to these structures in the higher concentration. At 1
μM, T-5 brightly stains cytoplasm in A2780 cells entirely
without any specificity and penetrates the nucleus staining
nucleoli (Figure S4a). Colocalization of T-5 and lysosome-
targeting standard dye LysoTracker DeepRed (50 nM) was
carried out to understand the specificity of the dye in cell
imaging (Figure S5). This study showed no colocalization ofT-5
with LysoTracker DeepRed. Thus, the dye in a low
concentration does not penetrate the nucleus and does not
colocalize with lysosomes in the cytoplasm.

We have shown that the dye T-5 is membrane-permeant and
stains some compartments in cell cytoplasm at a concentration
of 0.1 μM in all studied cell lines. It was assumed as a pattern of
mitochondria staining. Thus, a colocalization analysis was
carried out for the benzoxazole cyanine dye T-5 with the
MitoTracker CMXRos Red (a dye specific for mitochondria).
As seen in Figure 7c, T-5 shows signals overlapping with the
mitochondria-targeting dye MitoTracker CMXRos Red with
Person’s value r = 0.92 ± 0.04, proving its mitochondria
localization (7 separate calculations are given in Figure S6).

■ CONCLUSIONS
We have presented the synthesis of cationic symmetrical
trimethine cyanine dyes and discussed their spectral-lumines-
cence properties and applicability in cell imaging. All dyes
exhibit a strong fluorescent ‘light-up’ response in the presence of
nucleic acids, including RNA and double-stranded DNA.

Figure 6.Time-dependent confocal fluorescence microscopy imaging of HeLa (a) and Hs27 (b) cells stained by trimethine cyanine dyesT-1−T-5 (at
the concentration of 10 μM for T-1, 1 μM for T-2, T-3, 0.1 μM for T-4 and T-5 for Hs27, and the same for HeLa, but the concentration for T-3 is 0.1
μM) under constant irradiation for 8 min.

Figure 7. Fluorescence live-cell imaging of Hs27 cells. Colocalization analysis of the dye T-5 (green, a) with MitoTracker CMXRos Red (red, b) and
merged image (c). Scale bars: 10 μm.
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Wavelengths of fluorescence maxima of these dyes depend on
heterocycles in dyes structures: benzoxazole trimethine cyanine
fluorescence in a free state is observed on 501−506 nm, while
dyes with benzothiazole heterocycle have a maximum of 564−
580 nm with excitation wavelength nearly on 490 and 550−560
nm, respectively. These dyes possess low to moderate
fluorescence intensity in the aqueous buffer. The addition of
nucleic acids leads to an increase in fluorescence intensity (15−
111 times). Spectral methods showed the binding of all dyes to
nucleic acids, and different interaction mechanisms have been
proposed.

The ability to visualize cell components of the studied dyes
was tested on different cell lines (MCF-7, A2780, HeLa, Hs27).
We have shown that all dyes are cell-permeant staining nucleus
components, probably RNA-rich nucleoli with background
fluorescence in the cytoplasm, except for the dye T-5, which at a
concentration of 0.1 μM, specifically stains some structures in
the cytoplasm. Colocalization analysis of the dye T-5 with
MitoTracker CMXRos Red shows that the T-5 dye stains
mitochondria (Pearson’s Coefficient value = 0.92 ± 0.04).
Fluorescence imaging of Hs27 cells by dye T-5 shows no
difference in mitochondrial selectivity between normal and
cancer cells. The photostability study of dyes in cells under
constant irradiation showed that benzoxazole dyes are up to ∼7
times more photostable than benzothiazole ones. Moreover,
studied benzoxazoles are less cytotoxic to cancer cells at working
concentrations than benzothiazoles (67% of cell viability
compared to 12% for T-1 and ∼30% for T-2, T-3 after 24 h).

Because of its sensitive fluorescence response to nucleic acids
with a significant fluorescence increase, moderate photostability,
and low cytotoxicity, benzoxazole T-4 dye can be used for
nucleic acid detection in vitro and intracellular fluorescence
imaging in live and fixed cells. On the other hand, the
benzoxazole dye T-5 is proposed as a good alternative to
commercial dyes for mitochondria staining in the green-yellow
region of the spectrum.
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