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A BODIPY-based fluorescent dye for mitochondria
in living cells, with low cytotoxicity and high
photostability†

Si Zhang,a Tong Wu,a Jiangli Fan,a Zhiyong Li,a Na Jiang,a Jingyun Wang,*b
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A BODIPY-based dye, OBEP, has been developed to act as a mito-

chondrial fluorescence probe. This dye is of high stability, low

toxicity and insensitive in a pH range as wide as pH 2–10.

Its uptake into mitochondria is independent of mitochondrial

membrane potential in living cells. OBEP can label swollen mito-

chondria resulting from different degrees of cell damage in light

and resist fading even after 12 h of incubation.

Introduction

Mitochondria, the principal energy-producing compartment in
most cells, have roles in a number of vital cellular processes –

and as a result these organelles are crucially involved in a
variety of pathologies, from Alzheimer’s disease to cancer to
diabetes.1–4 Mitochondria are particularly sensitive to a variety
of damaging influences.5 When cells are injured, changes in
the number, size and structure of mitochondria are often
seen. Mitochondrial swelling is perhaps the most common
phenomenon, with the organelles morphology changing from
filamentous to round or even spheroidal forms.5,6

Consequently, mitochondria-staining reagents and tech-
niques are of great importance for biomedical research7–11 and
potentially also for diagnosis. Although there is a wide variety
of mitochondrially localizing fluorescent probes available com-
mercially,12,13 nevertheless many suffer from various practical
limitations, not least of which is poor light fastness.14–16 This
being so, a significant demand remains for mitochondrially
selective probes which are of high bio- and photo-stability, low

cytotoxicity, and which, in order to facilitate tissue
penetration, possess various long-wavelength emission peaks.

Herein we report a new fluorescent mitochondrial probe
(OBEP, in Fig. 1) based on BODIPY. It shows excellent light-
fastness, low toxicity, and has long wavelength absorption and
emission (λex 520 and λem 540 nm). As uptake of this dye is
independent of mitochondrial membrane potential, it may be
particularly suited to act as a mitochondrial tracker, and also
to distinguish mitochondria exhibiting various degrees of
swelling, and hence to indicate cell damage.

As is well known, BODIPY derivatives have been widely used
as protein labeling reagents17 and as small molecule18 or ion
sensors.19,20 In part this reflects the high photostability of the
fluorophore skeleton, and the insensitivity of its fluorescence
to solvent polarity or pH.21,22 Although BODIPY dyes suitable
for imaging the endoplasmic reticulum and lysosomes have
been developed commercially,23 to our knowledge, mitochond-
rially localizing BODIPY derivatives are not available for pur-
chase. Recently, Chang et al. used a mitochondrial-targeting
triphenylphosphonium moiety for localizing the BODIPY
derivative to this organelle.20 But the toxicity is a particular
concern for triphenylphosphonium.2 OBEP is a cationic
compound derived from quaternization of the pyridyl group
in OBP (Fig. 1). Although BODIPYs bearing a quaternarized
pyridine moiety in their meso position have been reported
in the literature to get functional dyes suitable for various
applications, their weak fluorescence limits their further
development.24–27 This precursor was a BODIPY derivative pre-
pared from picolinaldehyde and 3,5-dimethylpyrrol via pub-
lished procedures24 as described in the ESI.†

Fig. 1 Molecule structure and synthesis of OBEP.

†Electronic supplementary information (ESI) available: Experimental details and
characterization of OBEP, measurement equipment and materials, measurement
of partition coefficient, cell culture and staining, cell cytotoxicity assay and
effects of CCCP on uptake of dyes, UV-vis absorption and fluorescence spectra of
OBP or OBEP in different solvents. See DOI: 10.1039/c2ob26911b
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Results and discussion

The spectroscopic properties of OBEP in different solvents are
summarized in Table 1 and Fig. S2.† The maximum absor-
bance and emission wavelengths of OBEP were centered at
520 nm and 541 nm in acetonitrile, these peaks being almost
unchanged in an aqueous buffer. Moreover, OBEP has a
similar fluorescence quantum yield in aqueous and organic
solvents (ΦF(buffer) = 0.13, ΦF(acetonitrile) = 0.20). Overall, this
suggests that solvent polarity has only a minor influence on
OBEP fluorescence behaviour.

As is well known, photo-bleaching is a common problem
for most organic dyes, often compromising the temporal
monitoring of dynamic events inside cells due to fading of the
reporting dyes.28,29 So it is significant that the photostability of
OBEP was much higher than that of widely used dyes localiz-
ing in mitochondria of live cells, such as MitoTracker Red
CMXRos and MitoTracker Green FM (Fig. 2a, after 2 h radi-
ation, OBEP remains 98%, while MitoTracker Green FM is less
than 5% in density).

Moreover, in a pH-titration study, the fluorescence signal of
OBEP changed very little over the range pH 2–10, while the
relative fluorescence intensity of Mitotracker Red CMXRos
changed from 0.8 to 0.2 over the cellular pH 4–8 (Fig. 2b). This
indicates that OBEP imaging would not be influenced by the
cellular pH micro-environment.

To examine the imaging performance achieved using these
BODIPY derivatives, HeLa cells were incubated with OBEP
(5 μM) and OBP (2 μM) at 37 °C for 30 min. As shown in
Fig. 3a, 3b and S4,† both dyes proved to be membrane per-
meant. Fluorescence was seen in the cytoplasmic but not the
nuclear regions. Nevertheless, the detailed patterns of staining
seen with OBEP and OBP were markedly different. OBEP gave
rise to fluorescent filaments, which were sometimes a little
swollen. On morphological grounds these were judged to be
mitochondria. OBP was quite different, lacking filaments but
instead showing a somewhat diffuse staining restricted to
particular parts of the cytoplasm, plus granular cytoplasmic
staining, with the nuclear periphery also taking up the dye.
On morphological grounds this suggests staining of the
Golgi apparatus and the nuclear membrane, the granules
corresponding to either lipid droplets, lysosomes or swollen
mitochondria.

These morphological assessments are in agreement with
known structure–localization relationships for dyes in live
cells. OBEP is a quaternary salt, and so will be cationic at all
cellular pHs. This dye was found to be lipophilic, with a log
P = 0.9. Such lipophilic cations are known to localize in mito-
chondria.30 However under neutral conditions, OBP will occur

Fig. 2 (a) Comparisons of the photofading of OBEP, MitoTracker Red CMXRos
and MitoTracker Green FM in Tris-HCl buffer (pH = 7.4); (b) influences of pH on
the fluorescent emission at 541 nm of OBEP (5 μM) or at 602 nm of MitoTracker
Red CMXRos in aqueous solution, λex = 500 nm or λex = 560 nm. The pH of the
solution was adjusted by adding aqueous NaOH or HCl.

Fig. 3 Confocal fluorescence images of OBEP (a) or OBP (b) in HeLa cells. The
cells were incubated with 5 μM OBEP or 2 μM OBP for 30 min; (c) various
damaged mitochondrial forms. The cells were cultured with 5 μM OBEP for 1 h
in HeLa cells; (d), (e), (f ) the cells in image (c) enlarged. The images were taken
under FITC channel. Scale bar = 10 μm.

Table 1 Photophysical data of OBEP and OBP

Compound (solvent)
λabs

a

(nm)
λem

b

(nm)
Stokes
shift (nm)

εmax
c

(M−1 cm−1) ΦF
d

OBEP (buffere) 520 541 21 6.3 × 104 0.13
OBEP (acetonitrile) 520 542 22 6.7 × 104 0.20
OBP (buffere) 502 514 12 5.6 × 104 0.62
OBP (acetonitrile) 501 512 11 6.9 × 104 0.06

a Absorption maxima. b Emission maxima. cMolar extinction
coefficient. d Relative quantum yield compared with fluorescein in
0.1 mol L−1 NaOH (ΦF = 0.90) as the standard. e Tris-HCl buffer, pH =
7.4, 10 mM.
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as an electrically neutral free base. This species was found
experimentally to be strongly lipophilic, with log P = 4.0. Such
non-ionic lipophilic molecules are known to be taken into
most cell membranes, including the Golgi apparatus and
nuclear membrane.31 However since OBP contains a weakly
basic pyridyl moiety, the dye will be protonated within acid
organelles such as lysosomes. This will result in its being
ion-trapped in such structures.32

To further experimentally investigate the subcellular localiz-
ation of OBEP, a commercially available, mitochondrially loca-
lizing dye (MitoTracker Deep Red FM) was employed for a
colocalization study. As shown in Fig. 4, OBEP was colocalized
within mitochondria. Staining experiments were also
performed with another cell line, namely MCF7 (Fig. S4, S6†).
The results showed that the same mitochondrial localization
of OBEP occurred in different cell lines. With different
incubation times, OBEP was found to localize selectively in
mitochondria, with an intense fluorescent signal and a higher
accumulation at 1 h than 15 minutes (Fig. S5†). A fluorescent
dye localizing in the DNA of the cell nuclei (DRAQ5) was also
applied in a colocalization study (Fig. S4†), no colocalization
occurring in this case.

Although, as noted above, OBEP is relatively resistant to
photodamage, nevertheless over-exposure to excitation light
can give rise to mitochondrial swelling. In Fig. 3c various
damaged mitochondrial forms are seen, apparently depending
on the distance from the locus of an overextended excitation
illumination. Thus Fig. 3d represents hollow spheres of extre-
mely swollen mitochondria; in Fig. 3e the swelling is less
developed so that most mitochondria appear as solid granules;
whilst Fig. 3f contains minimally damaged mitochondria
which retain a filamentous morphology.

The absence of membrane blebbing or rounding up of the
cells suggested that OBEP was of low cell toxicity. Since this is
a key feature for living cell imaging,33 OBEP was compared
with the commercially available and widely used mitochon-
drial probe MitoTracker Red CXMRos in a cytotoxicity assess-
ment test using the MTT test. As shown in Fig. 5, the two dyes
had similar ranges of cytotoxicity in low concentrations (cell

viability ≥ 93% for both), but OBEP was less cytotoxic than
MitoTracker Red CXMRos in high concentrations (such as
the case of 10 μM, cell viability 94% for OBEP via 29% for
MitoTracker Red CXMRos).

The staining of OBEP in HeLa cells treated with a mem-
brane-potential uncoupler was examined. The uncoupler,
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), can
disrupt mitochondrial membrane potential (Fig. 6). Staining
with MitoTracker Green FM, a mitochondrial probe whose
uptake is independent of membrane potential, was the
same in the presence or absence of CCCP; while staining with
MitoTracker Red CXMRos, a mitochondrial probe whose
uptake is membrane potential dependent, was inhibited by
the presence of CCCP.9,23,34 The staining of OBEP was the
same in the absence or presence of CCCP, suggesting that the
staining properties of OBEP are independent of the mitochon-
drial membrane potential.

Because of the excellent light-fastness and low toxicity of
OBEP, long term fluorescence imaging experiments are pos-
sible with this dye.29 For example, even after 12 h, the staining
pattern in live MCF7 cells remained the same as those
obtained by incubating for 1 h, and the fluorescence intensity
remains strong (Fig. 7). These results indicate that OBEP is a
potentially useful probe for monitoring mitochondria during
isolation and following cell fusion.

Fig. 4 Confocal images of OBEP plus a mitochondrially specific dye in HeLa
cells. (a) Fluorescence image of HeLa cells stained with MitoTracker Deep Red
FM; (b) fluorescence image of HeLa cells stained with OBEP; (c) merged image
of (a) and (b); (d) merged image of (c) and bright field. Scale bar = 10 μm.

Fig. 5 Comparisons on the cytotoxicity of OBEP and MitoTracker Red CMXRos
at various concentrations (0.5 μM, 2 μM, 5 μM, 10 μM) in living HeLa cells
for 12 h.

Fig. 6 Staining patterns of OBEP and mitochondrially specific dyes in HeLa
cells. The cells were incubated in the absence or presence of 10 μM CCCP for
30 min, and then stained with 0.4 μM MitoTracker Green FM for 15 min, 0.2 μM
MitoTracker Red CXMRos for 15 min, and 5 μM OBEP for 1 h. Scale bar = 10 μm.
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Conclusions

In conclusion, we report a mitochondrially specific fluorescent
probe, OBEP, which is of excellent light-fastness, low toxicity
and whose uptake is independent of mitochondrial membrane
potential in living cells. OBEP is a possible probe for following
mitochondria during isolation and after cell fusion. The
emission color, orange, provides additional color options for
biological imaging.
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