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ABSTRACT: The rational design of molecules with selective
intracellular targeting is a great challenge for contemporary
chemistry and life sciences. Here, we demonstrate a rational
approach to development of compartment-specific fluorescent
dyes from the γ-aryl substituted pentamethine family. These
novel dyes exhibit an extraordinary affinity and selectivity for
cardiolipin in inner mitochondrial membrane and possess
excellent photostability, fluorescent properties, and low photo-
toxicity. Selective imaging of live and fixed mitochondria was
achieved in various cell lines using nanomolar concentrations of
these dyes. Their high localization specificity and low toxicity
enables study of morphological changes, structural complexity, and dynamics of mitochondria playing a pivotal role in many
pathological diseases. These far-red emitting dyes could also serve in a variety of biomedical applications.

■ INTRODUCTION

The requirement of fluorescent probes1,2 for live cell imaging
initiated a boom in the development of small organic
molecules.3,4 One group of such dyes are cyanines (methine
salts, MS), of which absorption wavelengths can be tuned by a
number of vinylene moieties5 in a conjugated system. MS have
multiple uses6−18 and gained additional popularity in single
molecule fluorescence microscopy.19 Pentamethine and hepta-
methine derivatives are promising candidates for clinical
applications20 due to their absorption in far-red and near-
infrared wavelength regions, emission of ∼700−1000 nm, high
extinction coefficients,21 and high fluorescence quantum
yields.22 Notably, γ-aryl substituted MS are described rarely
in the literature,23,24 which opens an opportunity to reveal new
fluorescent subcellular probes and sensors.
Selective receptors for biologically important anions have

been a focus of our group for the past decade. We achieved
enhanced selectivity of oxoanions for porphyrin-based
receptors25 and published the first preparation of chromophoric
binaphthyl derivatives,26 double chromophoric porphyrin−
pentamethine conjugates,27 as well as developed selective
sulfate receptors based on substituted γ-aryl pentamethine
scaffold.24 In addition, we have proven their application as

optical sensors for heparin and other sulfated and phosphate
anions.24 This finding directed our interest to explore whether
pentamethine salts could specifically interact with 1,3-bis(sn-3′-
phosphatidyl)-sn-glycerol [cardiolipin, CL]28 in inner mem-
brane of mitochondria to enable their imaging.
Monitoring of mitochondria by vital fluorescent dyes is a

desirable task, as these organelles are major energy suppliers
and represent an important intersection between cell life and
death. Generally, mitochondria are usually monitored by vital
fluorescent dyes, as other methods, including Nomarski
contrast or electron microscopy, are not always suitable. Most
fluorescent dyes accumulating in mitochondria are lipophilic
cations.29 Conventional mitochondrial dyes include tetrame-
thylrhodamine methyl ester and ethyl ester (TMRM and
TMRE, respectively), DiOC6(3) [3,3-dihexyloxacarbocyanine
iodide], and JC-1 [5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylben-
zimidazolylcarbocyanine iodide].30 In spite of the fact that these
fluorescent dyes are widely used, their general applicability is in
some respects limited and requires careful selection. Some dyes
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are substrates of multidrug resistant protein (P-glycoprotein),
and staining profiles depend on its activity.31 Moreover, they
are easily released during fixation, as their mitochondrial
retention depends on membrane potential. The other issues
might be (i) low specificity (e.g., rhodamine 123 stains besides
mitochondria also endoplasmic reticulum [ER] and Golgi
apparatus);32 (ii) inhibition of mitochondrial respiration [e.g.,
DiOC6(3),29 TMRM, and TMRE35]; (iii) redistribution into
ER;33 (iv) dual emission spectra (JC-1,34 MitoCapture32)
preventing multicolor imaging in colocalization studies; (v)
photobleaching (MitoTracker probes based on cyanine dyes
containing a thiol-reactive moiety, e.g., MitoTracker Green FM
[MTG]).35

The only reported probe binding to mitochondrial CL has
been NAO (10-N-nonyl acridine orange). However, it is not
suitable for multicolor labeling, since it shifts from a green
fluorescent monomeric form [abs./em. 495/519 nm] to a
dimeric form exhibiting red fluorescence [emission shift to 640
nm36]. For these reasons, it is obvious that there is a need for
novel mitochondria-specific sensors to extend application
possibilities and enable greater flexibility.
Generally, to achieve specific intracellular targeting requires

the following: (i) knowledge of organelle specific binding site
(e.g., identification of membrane receptors), (ii) design of
proper molecules (probes) with selective binding ability for
selected subcellular target, (iii) assaying binding selectivity, and
(iv) proper balance of lipophilicity/hydrophilicity and charge.
The almost exclusive incidence of CL in the inner
mitochondrial membrane of mammalian cells makes it a perfect
target for mitochondria-specific probes. Therefore, we have
strived to develop such a new class of vital probes specific for
mitochondrial CL based on selective molecular recognition
mediated by pentamethine salts. For this purpose, we have
prepared various γ-aryl substituted pentamethine salts and
tested them as receptors for phospholipidic CL according their
binding affinity. Their photophysical and biological properties
were determined, and herein we present data demonstrating
feasibility of our approach by generating dyes with superior
performance for mitochondrial imaging in comparison to
commercial probes, and suggesting further potential applica-
tions.

■ EXPERIMENTAL PROCEDURES
Chemicals. Unless otherwise indicated, common reagents

or materials were obtained from commercial source and used
without further purification. Chemicals for preparation of
compounds 1−5 were purchased from Sigma Aldrich. Aromatic
malondialdehydes were purchased from Acros Organics. Cy5
NHS ester and compound 6 were purchased from Lumiprobe
and Sigma Aldrich, respectively. All details about properties of
these dyes are available at websites of the companies. Bovine
heart solution of CL in ethanol was purchased from Sigma
Aldrich.
Synthesis of 1 and 2. Benzeneacetaldehyde, 4-nitro-α-[2-(3-

propyl-2(3H)-benzo-thiazolylidene)ethylidene] (compound 1)
and benzothiazolium, 2-[3-(4-nitrophenyl)-5-(3-propyl-2(3H)-
benzo-thiazolylidene)-1,3-pentadien-1-yl]-3-propyl-, iodide
[1:1] (compound 2) syntheses have been already published
by our group,37,24 respectively. Structures of these compounds
are depicted in Scheme S1.
Synthesis of 3. α-Naphthothiazolium, 2-[(1E,3Z,5Z)-3-

(pyrimidine)-5-(3-propyl-2(3H)-α-naphthothia-zolylidene)-
1,3-pentadien-1-yl]-3-propyl-, iodide [1:1] (compound 3)

synthesis is described in this paragraph. The flask was charged
with 2-(4-pyridyl)malondialdehyde (75 mg, 0.50 mmol), 2-
methyl-3-propyl α-naphthothiazolium iodide (373 mg, 10.1
mmol), and dry n-butanol (10 mL). The mixture was stirred at
110 °C for 18 h. After cooling to laboratory temperature, the
mixture was filtered and the solid part was washed with ethanol
(3 × 5 mL) and dried in vacuum. Product 3 was obtained as a
green-brown powder, 302 mg, 83%. Structure of compound 3 is
depicted in Scheme S1. 1H NMR: 8.98 (2H, d, J = 5.6 Hz),
8.2−7.9 (12H, m), 7.80 (2H, t, J = 7.3 Hz), 7.67 (2H, t, J = 7.5
Hz), 6.36 (2H, d, J = 11.6 Hz), 4.45 (4H, t, J = 6.5 Hz), 1.78
(4H, sextet, J = 7.2), 0.94 (6H, t, J = 7.3 Hz). 13C NMR: 165.6,
140.2, 130.8, 130.1, 129.8, 129.4, 127.5, 126.6, 123.5, 122.1,
113.8, 48.5, 21.9, 11.3. HRMS for C38H34IN3S2 calculated:
596.2189 (M+), found: 596.2184 (M+). Elementary analysis for
C38H34IN3S2 calculated: C 63.06%, H 4.74%; found: C 63.11, H
4.80. X-ray crystals were obtained by crystallization from
ethanol at room temperature.

Synthesis of 4. Benzothiazolium, 2-[3-(pyrimidine)-5-(3-
propyl-2(3H)-benzothiazolylidene)-1,3-pentadien-1-yl]-3-prop-
yl-, iodide [1:1] (compound 4) synthesis is described below.
The flask was charged with 2-(4-pyridyl)malondialdehyde (150
mg, 1.00 mmol), 2-methyl-3-propyl benzothiazolium iodide
(640 mg, 20.1 mmol), and dry n-butanol (25 mL). The mixture
was stirred at 110 °C for 18 h. After cooling to laboratory
temperature, the mixture was filtered; the solid part was washed
with ethanol (3 × 5 mL) and dried in vacuum. Product 4 was
obtained as a green powder, 498 mg, 79%. Structure of
compound 4 is shown in Scheme S1. 1H NMR: 8.94 (2H, d),
8.14−7.80 (8H, m), 7.58 (2H, t), 7.45 (2H, t), 6.20 (2H, d),
4.28 (4H, bs), 1.71 (4H, m), 0.85 (6H, t). 13C NMR: 156.9,
148.2, 143.6, 141.3, 128.2, 127.0, 125.6, 125.5 123.2, 114.0,
98.3, 47.5, 20.9, 10.9. HRMS for C30H32IN3S2 calculated:
496.1876 (M+), found: 496.1873 (M+). Elementary analysis for
C30H32IN3S2 calculated: C 57.59%, H 5.16%, found: C 57.86%,
H 4.93%.

Synthesis of 5. Benzothiazolium, 2-[3-(N-methyl-pyridimi-
um)-5-(3-propyl-2(3H)-benzothiazolylidene)-1,3-pentadien-1-
yl]-3-propyl-, iodide [1:1] (compound 5) synthesis is described
in this paragraph. The flask was charged with cyanine dye (55
mg, 88 μmol), DMF (5 mL), and excess of methyliodide (0.5
mL, 2 M solution in t-BuOMe). The mixture was heated in
high pressure ampule to 60 °C for 20 h. After cooling, the
excess of methyliodide was removed with stream of nitrogen
and the rest of the solvent was evaporated. The solid fraction
was macerated with diethyl ether and filtered. Obtained solid
was crystallized from hot ethanol. Product 5 was formed as a
metallic brown powder, 63 mg, 94%. Structure of compound 5
is depicted in Scheme S1. 1H NMR: 8.96 (2H, d), 7.98−8.16
(6H, m), 7.60 (2H, t), 7.48 (2H, t), 6.32 (2H, d), 4.35 (7H,
bs), 1.72 (4H, sextet), 0.85 (6H, t). 13C NMR: 166.4, 153.4,
147.9, 145.3, 141.4, 128.3, 127.8, 125.8, 125.7, 123.3, 114.2,
98.6, 47.6, 47.0, 21.1, 10.9. HRMS for C31H35I2N3S2 calculated:
255.6053 (M2+), found: 255.6051 (M2+). Elementary analysis
for C31H35I2N3S2, calculated: C 48.51%, H 4.60%, found: C
48.62%, H 4.56%.

Determination of the Absorption Spectra and
Coefficients of MS. Dependence of absorption on the
concentration for tested probes 1−5 were observed in dimethyl
sulfoxide (DMSO), methanol (MeOH), and 1 mM phosphate
buffer (H2O:DMSO, 98:2, v/v) at pH 7.3. Plastic cuvettes with
optic length 1 cm were used for measurements of absorption
spectra. Concentrations of the salts varied in the range from 0

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc400291f | Bioconjugate Chem. 2013, 24, 1445−14541446



to 10 μmol L−1. Absorption spectra were obtained on a UV−vis
spectrophotometer (Cary 400, Varian; USA) at room temper-
ature. Molar absorption coefficients were calculated using their
maximum absorbance by linear regression with program
Microsoft Excel 2010.
Fluorescence Emission Spectra Measurement of MS.

Fluorescence emission spectra of 2−5 were collected using a
Fluoromax 2 spectrofluorometer in the DMSO, MeOH, and 1
mM phosphate buffer (H2O:DMSO, 98:2, v/v) at pH 7.3 at
room temperature. Whole fluorescence emission spectra of
compounds 2−5 could not be measured because the
wavelengths of their emission and excitation maxima partially
overlap. Therefore we measured only parts of their spectra.
Low fluorescence intensity of compound 1 did not allow
measurement of its fluorescence emission spectra.
Determination of Quantum Yield of MS 2−5. For the

determination of quantum yield (Φ) of MS 2−5, compound 6
was used as a standard. Samples of the MS were prepared from
stock solutions to reach absorbance lower than 0.04 at λmax (to
prevent the inner filter effect in fluorescence measurement).
The emission spectra of the MS 2−5 were measured at their
excitation maxima. For measurement of emission spectra of
standard 6, the excitation maxima of studied MS 2−5 were
applied. For both sets of MS, the area under each fluorescence
emission curve was calculated and corrected for the Rayleigh
peak area (if necessary). The average fluorescence emission
peak areas were then calculated for each sample. The relative
fluorescence quantum yields were calculated using the
following equation: Φx = Φs Fx/Fs/Ax·As/ns·nx, where Φ
represents quantum yield, F stands for integrated area under
the corrected fluorescence emission spectrum, A is absorbance
at the excitation wavelength, n is refractive index of the used
solvents, and the subscripts “x” and “s” refer to the unknown
and the standard, respectively. Quantum yields of MS 2−5 were
determined in DMSO, in MeOH, and in water environment
represented by PBS, pH 7.3.
Determination of in Vitro Photostability of MS.

Methine salts were dissolved in DMSO (0.145 mM). According
to their absorption coefficient, appropriate amount of DMSO
solution was added in phosphate buffer saline (PBS) in 1 cm
plastic cuvette. Replicates were prepared as follows: two
solutions were preparedthe first was kept in the dark; the
second was illuminated with a 150 W halogen lamp with an
edge-pass filter (Panchromar, Germany) that transmitted light
at wavelengths 500 nm and longer. The fluency rate at the level
of the solution in cuvette was 5 mW cm−2. Absorption spectra
of both solutions (illuminated and in the dark) were collected
(Cintra 404, GBC Scientific) after 10, 20, and 30 min
(corresponding total light doses were 3.6 and 9 J cm−2). The
percentage of original absorbance at absorption maximum was
calculated as the mean of two replicates. For comparison,
several commercially available dyes with corresponding
structural backbone [compound 6 (pentamethine benzothia-
zole derivative DiSC3(5) and Cy5 (pentamethine indole
derivative)] or mitochondria-specific [MitoTracker Deep Red
FM (MT)] were used.
Determination of the Conditional Constants of MS

with Cardiolipin and Phosphatidylserine. The association
of the salts 1−5 and standards 6, Cy5, and MT with tested
analytes (CL and phosphatidylserine [PS]) was studied by
means of UV−vis spectroscopy in a phosphate buffer (0.001 M,
water:DMSO, 98:2, v/v) at pH 7.3. Conditional constants (Ks)
were calculated from the absorbance changes of the salts using

absorbance maximum of their complexes (ΔA) by nonlinear
regression with program Letagrop Spefo 2005. The wavelength
of the used absorbance maxima for salts 1−6, Cy5, and MT
were 497, 648, 690, 649, 633, 657, 648, and 648 nm,
respectively. The error of the measurement was expressed as
three times the standard deviation between the measured data
and calculated curve. Concentration of the used salts was 4.7
μmol L−1; concentration of the studied analytes was in the
range 0−0.5 mmol L−1.
In vitro cell techniques used and studies are described in

Supporting Information.

■ RESULTS AND DISCUSSION
Synthesis of γ-Aryl Substituted Symmetrical MS. Here,

we describe the design, synthesis, and application of three types
of dyes: a neutral merocyanine 1, charged symmetric γ-aryl
substituted methine salts 2−4, and doubly charged salt 5 (all
shown in Figure 1, Supporting Information Scheme S1, Figures

S1). Details of the synthesis are based on our previously
published methodology.24,37 The chemical structures and
characterizations by 1H NMR, 13C NMR, and high resolution
mass spectroscopy (HRMS) are shown in Supporting
Information (Figures S2−S10). In principle, the synthesis is
based on condensation of aromatic malondialdehydes and
aromatic thiazolium salts. Chemical structure of commercially
available MS derivative 6 and Cy5, used here for comparison,
are shown in Figures 1 and S11, respectively. The X-ray
structure of 3 is represented by Figure 2 (see details in
Supporting Information in Materials and Methods, Figure S12).

Photophysical Properties of MS. Spectral properties of
MS in DMSO, MeOH, and PBS were determined using UV−
vis absorption and fluorescence spectroscopy. The MS were in
the monomeric forms in hydrophobic environment (DMSO,
MeOH) and in the aggregated forms in aqueous solution. The
absorption maxima of monomeric forms of 2−5 ranged
between 645 and 686 nm and fluorescence emission maxima
between 665 and 707 nm (Figure S13, Table S1). The γ-aryl
substitution of 6 did not significantly influence λmax of
monomeric, monocationic MS 2 and 4 in the aprotic DMSO
(about 656 nm). In the MeOH this γ-aryl substitution shifted
the λmax from 654 to 645 nm. A comparison of λmax of 3, 4, and
5 indicates, that increased charge density of 4 evoked a blue
shift of about 10 nm, while the monomeric form of MS 3
displayed the absorption maxima 686 nm in DMSO and 676

Figure 1. Mitochondrial probes based on γ-aryl substituted MS.
Neutral merocyanine 1, salts 2−4, salt 5 (quarternized to the second
stage), and salt 6 (a non-γ-aryl substituted derivative).
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nm in MeOH. In this context, it should be mentioned that the
region of the lowest absorption coefficient of living tissues and
cells is about 700 nm,38 where our MS are applicable.
Absorption and emission maxima of commercial probe, MT,
which was developed for this spectral region, are 644 and 664
nm, respectively. Other used mitochondrial probes such as JC-1
and DiOC6(3) have absorption maxima at about 490 and 480
nm, respectively. Their emission maxima are between 500 and
600 nm. With the exception of MS 5, the absorption maxima of
the MS H-aggregates were between 450 and 600 nm and their
absorption coefficients were several times lower compared to
their monomeric forms. The wavelength of absorption maxima
and absorption coefficient of MS 5 H-aggregate was nearly of
its monomeric form. This difference likely arose from
significantly higher hydrophilicity of MS 5. Similar behavior
was observed for hydrophilic MT and Cy5 probes. Thus, MS
spectral properties can be simply and effectively used for
recognition of hydrophobic matrix such as cell membrane. Low
fluorescence intensity of neutral merocyanine 1 prevented
measurement of its fluorescence emission spectra (absorption
maxima at 476 nm). For details see Supporting Information
(Figure S13, Table S1).
The fluorescence quantum yields of MS 2−5 (summarized in

Table 1) were determined by using compound 6 as a standard,

with Φ of 0.36 in MeOH.39 Measured Φ of γ-aryl substituted
MS 2−5 in MeOH was 0.05, 0.27, 0.17, and 0.09, respectively.
Our results reveal that the γ-aryl substitution of pentamethine
salts strongly affects the Φ value, especially of 2 and 5.
Similarly, it was reported that the γ-aryl substitution can
strongly reduce the Φ of Cy5 derivatives (1/3 origin of Cy5).40

The authors found that this reduction of fluorescence intensity
was caused by rotation of the substituted groups. The rotation
or vibration of bulky substituents can change the geometry of
the molecule in the excited state. These phenomena permit the

molecule in the excited state to relax by a nonradiative process,
thus reducing its quantum yield. Significant differences among
the Φ of MS 2−5 and MS 6 are probably caused by rotation of
their aromatic substituents at the meso-position of the
pentamethine chain. However, more viscous surroundings can
effectively suppress these nonradiative transitions of molecules
and increase the Φ of probe.40 It is well-known that viscosity of
inner mitochondrial membrane is much higher than of
mitochondrial matrix or extra-matrix surroundings.41 Thus, γ-
aryl substitution of pentamethine salts represents a promising
modification suitable for design of mitochondria-targeted
probes allowing more precise labeling of inner mitochondrial
membrane.
The low fluorescence emission intensity of 2 was probably

also caused by its fluorescence quenching due to the presence
of a substituted nitro group. The results are indicative of a
correlation between electron density of MS 3−5 and their Φ
value. MS 5 with two cationic charges exhibited Φ value
approximately one-third of the monocationic MS 4. Naph-
thothiazolium MS 3 displayed significantly higher Φ than
benzothiazolium MS 4. On the other hand, the Φ of 4,5:4′5′-
dibenzo-3,3,3′,3′-tetramethylindadicarbocyanine does not sig-
nificantly differ from the value of Φ of the origin of Cy5 (about
0.2 for MeOH).42

Values of Φ of MS 2−5 and 6 obtained in water environment
(1 mM PBS, pH 7.3; see Table 1) were 0.02, 0.10, 0.11, 0.12,
and 0.14, respectively. These values, except of Φ of hydrophilic
MS 5, are significantly lower when compared to the values
determined in MeOH surrounding. We suppose that formation
of aggregates of the dyes occurred in water environment, which
limits application of the tested dyes in water. Nevertheless, this
fact can lead to enhanced effectiveness of membrane staining.
In vitro photostabilities of compounds 1−6 and Cy5 were

evaluated in the dark and after exposure to the light of
wavelengths longer than 500 nm. The photostabilities were
evaluated in DMSO, thus representing the monomeric state of
the dyes (see Supporting Information Table S2) and in PBS at
different pH values: 4.8, 7.0, and 9.3 (details are given in Table
2). The amounts of residual MS derivatives in PBS after 30 min
of light exposure are expressed in percentage. Complete
photostability absorption spectra of 1−5 as well as 6, Cy5,
and MT were chosen as reference (not shown, but can be
provided upon request). The majority of novel polymethine
salts were photostable in DMSO and PBS. Their photostability
significantly exceeded that of 6 and was comparable to that of
Cy5 and MT (Table 2 and Table S2).
In PBS, however, the neutral merocyanine 1 decomposed

either in dark or after illumination, thereby correlating with
reports for other merocyanine dyes43 exhibiting their limited
usage due to rapid degradation under light. Photostability of
salt 2 was strongly affected by the interaction with chloride ions
(from PBS) resulting in the increment of absorption maximum.
This phenomenon is currently under further investigation for
potential exploitation in chloride ions sensing. Compounds 4
and 5 displayed excellent pH and photostability in PBS in
contrast to a dye of similar structure but without γ-aryl
substitution [MS 6 based on benzothiazolium unit DiSC3(5)].
When compared to Cy5 and MT (pentamethines based on
indole ring without γ-aryl substitution), compound 4 exhibited
slightly better photostability and MS 5 comparable stability.
The stability of MS 4 and 5 was not significantly influenced by
pH. Therefore, a significant improvement of MS photostability
by γ-aryl substitution has been achieved. Such a strategy could

Figure 2. X-ray view of the compound 3 with atom numbering
scheme.

Table 1. Quantum Yields of Methine Salts

quantum yield

solution 1 2 3 4 5 6

DMSO a 0.02 0.30 0.15 0.15 0.45
MeOH a 0.05 0.27 0.17 0.09 0.36b

PBS - 0.02 0.10 0.11 0.12 0.14
aThe value of Φ for MS 1 was not calculated because its fluorescence
intensity was too low for measuring its fluorescence spectra. bValue
taken from Bilmes et al.39
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be an alternative to improve the photostability of cyanine dyes
besides the polyfluorination reaction.44 Not only does the γ-aryl
substitution of MS increase its photostability, but the expansion
of the whole aromatic system causes a red shift of emission.
This may be beneficial for designing novel MS for in vivo
imaging.
MS Selectivity for Cardiolipin. We have assessed the

binding of the MS to CL and PS (phospholipid localized in
inner side of cell membranes). Numerous studies demonstrated
interaction of MS with membrane binding partners via charge
complementarity (phosphate group and carboxylate group in
the case of phosphatidylserine), or through nonspecific
hydrophobic interaction and hydrogen bonds.45−48 With the
exception of the neutral merocyanine 1, we have observed an
extraordinarily high affinity of 2−6, Cy5, and MT to CL (see
salt 3 in Figure 3; for all, see Figure S14 and Table 3). MS with
benzothiazolium units (MS 2−6) displayed high CL selectivity
when compared to typically used mitochondrial probes based
on indolium unit (MT and Cy5) (Table 3).

The logarithmic values of conditional constant (Ks) for the
majority of studied MS were determined for stoichiometric
complex 1:1 (MS:CL) (Table 3). The values of these Ks were
approximately 105. MS 4 formed also stoichiometric complex
1:2 with resulting Ks 1 × 10,10 thereby indicating that the
pyridine group might serve as a donor of hydrogen bond. The
fact that MS 3 did not display this interaction might be
explained by its higher electron density. Similar effects of
hydrogen bonds were also described for the indole group of
ADP/ATP carrier and phosphate group of CL.48

Interestingly, the affinity of our MS to PS was significantly
lower (see Table 3 and Figure S15). The respective Ks values
for our set of MS were 2 orders of magnitude lower (about
103). In contrast, affinities of commercial pentamethine probes
(Cy5 and MT) to PS were comparable to that of CL. High CL
affinity was als observed for other cationic hydrophobic
compounds (e.g., NAO, adriamycin, 5-iminodaunorubicin)
with 1:2 stoichiometric complex (CL:probe)49,50 with
respective values of their conditional constants of about 106

Table 2. In Vitro Photostability of Methine Salts in PBSa

compound depletionb

pH 1 2 3 4 5 6 Cy5 MT

4.8 Lc 46% e 38% 89% 84% 14% 88% 60%
Dd 58% - 90% 98% 100% 60% 98% 94%

7.0 L 57% - 45% 97% 83% 14% 86% 86%
D 66% - 79% 100% 100% 78% 94% 93%

9.3 L 70% - 44% 89% 81% 9% 90% 81%
D 46% - 95% 97% 100% 64% 99% 91%

aPercentage of absorbance at absorption maximum after 30 min incubation in phosphate buffer saline at various pH. bError ±5%. cLight (L). dDark
(D). eAbsorption maximum of MS 2 was strongly affected by the interaction with chloride ions (from PBS).

Figure 3. (A) Absorption spectra of the salt 3 (4.7 μM) with cardiolipin in a solution of 1 mM PBS [H2O:DMSO, 98:2, v/v], pH 7.3. (B) Titration
curve of salt 3 (4.7 μmol) in the presence of cardiolipin at 690 nm.

Table 3. Logarithmic Values of Conditional Constant and Stoichiometry of Cardiolipin (CL) and Phosphatidylserine (PS)/
Pentamethine Salt

MS 1 2 2 3 4 4 5 6 Cy5 Cy5 MT MT

CL
Log(Ksa) n.d.b 5.35 - 5.10 5.80 9.90 6.80 4.89 5.30 - 5.28 -
Log(SDKs

c) - 0.08 - 0.11 0.18 0.35 0.20 0.10 0.22 - 0.22 -
CL/MSd - 1:1 - 1:1 1:1 2:1 1:1 1:1 1:1 - 1:1 -

PS
Log(Ksa) n.d.b 4.10 8.50 2.90 4.70 9.20 3.50 3.80 5.20 10.40 5.11 9.61
Log(SDKs

c) - 0.27 0.43 0.30 0.35 0.27 0.16 0.30 0.23 0.63 0.22 0.18
PS/MSd - 1:1 2:1 1:1 1:1 2:1 1:1 1:1 1:1 1:2 1:1 2:1

aConditional constant (Ks), determined in 1 mM phosphate buffered saline, pH 7.3. bNot determined (n.d.) since no interaction of compound 1
with cardiolipin was observed. cStandard deviation. dComplex stoichiometry (analyte: methine salt).
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M−1. For comparison, the value of conditional constant of
NAO complex with PS is 4.7 × 106.49 The high affinity of MS
for CL is likely caused by the combination of two binding
modes: first, hydrophobic interactions between the acyl group
of CL and polyaromatic salt structure, and second, an
electrostatic interaction between the cationic benzothiazolium
or indolium unit and the anionic phosphate residues of CL.
This interaction of benzothiazolium MS was linked to
significant spectral changes. Compounds 1−6 aggregated in
aqueous media (Supporting Information Figure S13). The
spectral phase, representing aggregates of MS, decreased in the
presence of CL, and new maxima between 600 and 700 nm
appeared (Figure 3, Figure S14). For example, the spectral
maximum of salt 3 shifted from 600 to 690 nm and its intensity
was significantly improved in the presence of CL (Figure 3).
The spectral features of the CL-MS complexes are very similar
to those observed for monomeric salt forms in DMSO and
MeOH, thereby indicating the formation of methine salt
‘monomer’ due to CL binding. In accordance with the
discussed hypothesis, more hydrophilic MS (5, Cy5, and
MT) displayed significantly smaller spectral differences
between their aggregates and CL complex corresponding to
their monomeric form, and none were observed for neutral
merocyanine 1, which lacks the positive charge essential for this
type of interaction (see 1A and 1B in Figure S14).
In the presence of phosphatidylserine (PS), we have

observed high similarity between spectral features of MS
monomers and their phosphatidylserine complexes (Figure
S15) and stoichiometric complex (Table 3). For probe 2
containing nitro group, another complex stoichiometry 2:1
(PS:MS) was also found, the formation of which likely resulted
from hydrogen bonding between nitrobenzene of 2 and PS
aliphatic amino group derivatives. A similar type of hydrogen
bond between the aromatic nitrobenzene group and the
aliphatic amino group was previously described, e.g., Novakov
et al.51 and Mukhopadhyay et al.52 In the case of MT, the
stoichiometry could be explained by nonspecific hydrophobic
interaction of substituted chloromethylphenyl with PS.45,53 The
1:2 stoichiometry (PS:MS) of the Cy5 complex with PS was
probably caused by the interaction of one Cy5 molecule with
the phosphate group and the other with the carboxyl group of
PS. The NAO interaction with CL was described by
Goormaghtigh et al.49 The spectral phase representing NAO
monomer decreased in the presence of CL, while the spectral
phase representing its dimeric form increased. The spectral
change of NAO was significantly smaller in the presence of PS.
MS Specificity for Mitochondria in Live Cells. In order

to test the ability of cyanine dyes to bind to CL in mitochondria
of living cells, salts 1−5 were incubated with different cell lines.
An example of representative intracellular localization for salts
1−5 in the adherent primary cell line of chicken embryonic
fibroblasts (CEF) is shown in Figure 4.
Further, it was also assayed in HeLa (human cells derived

from cervical carcinoma), PC-3 (human cells derived from
prostate carcinomas), PaTu (cells derived from pancreas
adenocarcinomas), HEK 293T (human embryonic kidney
cells), 4T1 (mouse mammary tumor cell line) [Figure S16 in
Supporting Information], and U-2 OS (human cells from
osteosarcoma) [Figure S17]. MS localization in suspension
cancer cell lines was tested using KU-812 (cells from human
chronic myeloid leukemia) and HL-60 (human promyelocytic
leukemia cells, Figure S18).

All studied compounds 1−5 rapidly crossed (5−10 min) the
plasma membranes of living cells of all tested cell lines. To
determine the actual intracellular localization of the com-
pounds, we conducted double-staining by organelle-specific
fluorescent probes. As the methine salt staining overlapped with
the staining of mitochondria-specific probe MTG, we
confirmed that 1−5 selectively accumulate in mitochondria.
This ability had not been observed earlier for structures based
on γ-aryl substituted methine salts. The localization efficiency
was comparable for all the positively charged salts 2−5, whereas
the concentration of the neutral merocyanine 1 required for
efficient binding to mitochondria was ca. 20 times higher. Our
compounds stained mitochondria in extremely low concen-
trations (in the range 10−60 nM) in contrast to MTG which is
usually used in 100−200 nM concentration. The minimal
concentrations of MS used for efficient mitochondrial staining
of the tested cell lines are summarized in Supporting
Information in Table S3 and compared with commercial
mitochondrial probes. Salts 2−5 were retained in mitochondria
even after numerous washings (see video in Supporting
Information) and/or in mitochondria treated using aldehyde-
based fixation (Figures S19 and S20). This fidelity is caused by
uniquely high affinity and selectivity of pentamethine motifs to
CL (value of Ks ∼105 for complex 1:1) abundantly occurring in
the inner mitochondrial membrane (Table 3).

MS Specificity for Mitochondria in Fixed Cells. We
have also compared the specificity and retention ability of our
MS with commercial mitochondria-specific dyes upon fixation.
The specificity of MT, MTG, Rhodamine 123 (R123),
MitoTracker Red CM-H2XRos (MTR), and compound 6 was
tested in HeLa and U-2 OS cells fixed by 4% formaldehyde

Figure 4. Pentamethine salts exclusively staining mitochondria.
Fluorescent images of mitochondria stained using methine dyes 1−5
(in rows: concentrations of dyes 600, 15, 20, 15, 60 nM, respectively)
in living primary chicken fibroblasts (CEF). In the columns (from
left): phase contrast, MTG (100 nM), Methine salts, Merge. The scale
bar represents 20 μm.
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solution. In contrast to 6, all of the commercial dyes (MT,
MTG, R123, and MTR) were dispersed in cells, though a
portion of the dyes was still retained in mitochondria; we
observed significant fluorescence intensity also in endoplasmic
reticulum, and a noticeable signal was also apparent in cell
cytoplasm and nucleus. The mitochondrial structure was not
easy to resolve owing to washing out of the dyes from
mitochondria. As for R123, its leakage was not surprising, since
this cationic dye localizes within the inner mitochondrial
membrane due to its negative potential.54 Thus, a loss of the
potential results in dye release.54 We have observed rapid
quenching during imaging of fixed cells stained with R123,
which fully corresponds (quenching of R123 up to 75%55) to
the data of Emaus et al.55 MTG is suggested for use in live cell
imaging; however, MT should be retained well in mitochondria
according to published data.56 In contrast, we have observed
only partial retention of MT (more pronounced in U-2 OS
cells). In comparison with our MS 2−5, they were retained well
in mitochondria, and their structure was clearly distinguishable.
The poor retention of 1 may be caused by its different structure
compared to the other tested MS. To obtain a detectable signal
with this low fluorescence intensity neutral dye, it was necessary
to use a high dose, likely resulting in overloading. Compound 6
acted similarly to MS 2−5 and it was sufficiently retained in
mitochondria, though there was some signal apparent in the
nuclear region as well.
Co-Localization Study of MS and Mitochondrial DNA.

The localization specificity of our MS for mitochondria was
further confirmed by co-staining of mitochondrial DNA
(mtDNA) in living U-2 OS cells. The inner mitochondrial
membrane was stained by salt 3 in living cells, as is shown in
Figure 5B in red. Both the labeled mtDNA and nuclear DNA

are depicted in Figure 5C in green. The merge image, Figure
5D, clearly shows that both dyes co-localize in the same cell
compartment, mitochondria, which is more distinct in the
enlarged sections of mitochondrial network (Figure 5E-H).
This finding further confirmed that our novel MS localize in
mitochondria.
Pentamethine Salts vs Common Mitochondrial Dyes.

The main differences between the commercially available
MitoTracker dyes and the novel compounds are as follows: Our
dyes are derived from arylthiazolium salts and are based on
pentamethine system substituted in γ-position by aryl group.
Such substitution increased the stability of probes compared

with those without γ-aryl substitution. The aryl substitution in
the γ-position of the pentamethine chain probably increases
steric hindrance of the bonds, where side arylthiazoles are
connected and where the degradation process by molecular
oxygen and light originates.
Moreover, the pentamethine dyes presented displayed high

selectivity for mitochondria in such living cells, where staining
with commercially available and widely used mitochondrial
marker MTG failed. This was most pronounced in U-2 OS cells
where the MTG was predominantly bound to extracellular
matrix (ECM) [Figure S21 in Supporting Information], while
compound 2 associated exclusively with mitochondria (Figure
6).

Dark and Phototoxicity of MS. Furthermore, the dark
and phototoxicity of all derivatives and commercial alternatives
were tested in vitro in HL-60, 4T1, and U-2 OS (see growth
curves in Figures S22−S23 and IC50 values in Tables S4 and S5
in Supporting Information). Compounds 1 and 5 exhibited
neither dark nor phototoxicity. The dark and phototoxicity of
MS 2−4 ranged in micromolar concentrations, which is above
the working concentrations for live-cell microscopy. The
toxicities of the tested compounds were compared with those
of commercial mitochondrial markers. Although no toxicity was
observed for R123 up to 10 μM concentration, for
concentrations higher than 10 μM, rapid swelling of energized
mitochondria was reported. The R123 cytotoxicity was ascribed
to the inhibition of mitochondrial ATPase.55 MTR displayed
phototoxicity only against HL-60 cells but was well tolerated by
the other tested cell lines. The dark toxicity of MT and NAO
against all cell lines was similar to those of 2−4. Notably, NAO
appeared to be phototoxic for all the tested cell lines,
particularly for HL-60.

Structure−Activity Relationship. From all the obtained
results, the structure−activity relationship of the dyes can be
summarized. These results showed a strong influence of
cationic charge of the tested MS on their biological activity.
Our synthetic methodology allows us not only to introduce
increasing number of positive charges, but also to introduce
selective binding groups by γ-aryl substitution and to tune up
hydrophilicity/lipophilicity leading to specific intracellular
localization and toxicity to cancer cells.
Biological activity of the tested MS was strongly influenced

by the nature of side heteroaromate and by their charge density.
We have observed efficient localization of cationic MS 2−5 in
mitochondria of live cells even at low concentrations in
contrary to the neutral merocyanine 1 (analog of charged MS
2), for which a high concentration was required for efficient
mitochondria staining. When comparing dark cytotoxicity of
uncharged MS 1 and its charged analogs MS 2−4, it is apparent

Figure 5. Staining of mitochondrial network and mtDNA in living U-2
OS cells (derived from human osteosarcoma): (A) cells in phase
contrast, (B) mitochondria stained with methine salt 3 (25 nM), (C)
mtDNA and nuclear DNA [pseudocolored in green], (D) merge of
images B and C. In images A-D, scale bar corresponds to 20 μm. (E-
H) sections of images of mtDNA merged with salt 3. Scale bar
corresponds to 4 μm in images E-H.

Figure 6. Superior staining of U-2 OS mitochondria with
pentamethine salt 2 over MTG in following order: U-2 OS cells (A)
in phase contrast, (B) stained with salt 2 (evident mitochondria), (C)
MTG stains mitochondria poorly, but displays a strong unspecific
background, (D) merge of B and C images. Scale bar corresponds to
20 μm.
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that the positive charge of MS can be one of the essential
structural features to reach their biological activities (the
highest toxicity was observed for MS 4). This relation does not
apply for MS 5, which is structurally different due to the
nitrogen quarternization to the second stage. Obtained results
also indicated a possible correlation of hydrophilicity for MS
2−4 in their dark toxicity. This is in accordance with data
published by Krieg et al.,57 who found a similar cytotoxicity
trend for cationic trimethine thiacarbocyanine derivatives. Salts
with longer aliphatic chains were less toxic than salts with a
short aliphatic chain. Nevertheless, in contrary to this
hypothesis, the most hydrophilic MS 5 did not display any
cytotoxicity for the cell lines used, which might again be caused
by its quarternization to the second stage. Further, it might
suggest that electron donor aromatic groups, e.g., pyrrole, are
necessary for the MS biological activity and the loss of free
electron pair strongly reduces the cytotoxicity of the dyes.
The past decade has witnessed an increase in applications of

the dyes in solution, such as labeling agents. The first efforts of
the use of these dyes in solution were strongly hampered by
relatively low stability when compared to stability in the solid
state. Degradation of polymethine dyes in solution in the
presence of light and air has been a recurrent and troublesome
problem over the years. The major pathway of photo-
decomposition involves the reaction of singlet oxygen with
the chromophore. This attack results in fragmentation of the
chromophore and loss of the optical properties. Bulky
substituents can improve photostability of the dye as we have
found in our experiments.

■ CONCLUSIONS

In summary, we have developed novel cell-permeable
fluorescent probes for labeling and tracking mitochondria in
living cells. These probes based on symmetric γ-aryl substituted
pentamethine salts are specific for CL and thus the inner
membrane of mitochondria in eukaryotic cells. We have
described the design, synthesis, characterization, photophysical
properties, and biological applications of these dyes. They are
distinguished by strong fluorescence intensity, minimal
fluorescence emission in aqueous environment, high photo-
stability, low dark and phototoxicity in vitro, high cell-
permeability, and applicability for efficient and selective staining
of mitochondria of various living and fixed cell lines. Our MS
possess high affinity for CL. We have shown that the
performance of these dyes is superior in some aspects and
comparable in others to the commonly used probes in most
applications. Our γ-aryl substituted MS designed for
fluorescence imaging of mitochondria might be suitable not
only for studies of CL distribution and mitochondrial
morphology, but also for special applications including
mitochondrial physiology, pathophysiology, activity, and
determination of mitochondrial mass in a cell and for
monitoring of effect of new drugs on mitochondria. Besides
CL and mitochondria imaging, the dyes may also be of interest
for other applications such as labeling of various biomolecules.
Like commonly used Cy5, they might be used for conjugation
with primary and secondary antibodies, enzymes, DNA, RNA,
aptamers, and so forth. Moreover, we must not leave out other
applications for direct single molecule super-resolution
microscopy, in vivo imaging, or for novel biomedical materials.
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