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� Two probes based on BODIPY
scaffolds were prepared by one step
reaction.

� Photophysical characterizations and
applications in biological imaging
were performed.

� The two probes show excellent
mitochondrial targeting ability.
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Two mitochondrial-targeted fluorescent probes, 2 and 3, based on a BODIPY scaffold and one or two
piperidinyl groups were easily synthesized by Knoevenagel condensation. The biological imaging appli-
cations of the two probes 2 and 3 in live HepG2 cells reveal that these two probes display excellent mito-
chondrial imaging ability. Thus, these probes appear as promising tools for visualization of mitochondrial
within live cells.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Mitochondria are double-membrane enveloped organelles that
exist in almost all types of eukaryotic cells [1]. Mitochondria not
only provide energy to cells by generating Adenosine TriPhosphate
(ATP) but they are also responsible for producing cellular Reactive
Oxygen Species (ROS), initiating cellular apoptosis, regulating cell
proliferation and cell cycle [2–4]. Cell damage can induce changes
in the sizes and the structures of mitochondria [5,6]. Furthermore,
mitochondria play crucial roles in regulating cell metabolism, cal-
cium concentration, apoptosis and human cancers, and any dam-
age or disorder in mitochondria can result in serious human
diseases such as cancer, neurodegeneration, cardiovascular dys-
function or Alzheimer Diseases (AD) [3,7–9]. Nowadays, consider-
able efforts have been dedicated to the study of abnormal
functions of mitochondria in biomedical research [10,11]. How-
ever, large number of cellular activities, mitochondrial functions
himica
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and related mechanisms are still unclear [3,12]. Thus, the develop-
ment of an effective approach that can accurately monitor the
change of the mitochondrial morphologies is of great significance
to better understand physiological and pathological functions on
mitochondrion in subcellular levels, both in vitro and in vivo. Fluo-
rescence imaging has emerged as one of the highly useful and pow-
erful methods to monitor and visualize bioprocesses in real time
due to its high sensitivity, excellent selectivity, non-invasion, as
well as real-time and high spatial resolution imaging in living cells
or organisms. The visualization of mitochondrial morphology by
live-cell imaging techniques have therefore attracted broad inter-
ests because of providing useful information for biochemical cellu-
lar processes and diagnosis of various diseases’ conditions under
the cellular level [5,12–14]. Therefore, various types of
mitochondria-selective fluorescent probes have been developed
and used successfully to observe the morphology of mitochondria
via cell imaging techniques [15–17]. However, some mitochondrial
fluorescent probes suffer from undergoing difficult post-
modification of the molecular scaffold [18–20]. Furthermore,
cationic probes are chemically unstable and may also induce cyto-
toxicity by e.g. imposing mitochondrial membrane depolarization,
which further limits their applications in living cell studies [3,21].
Consequently, it is highly necessary and of high interest to design
neutral or noncationic mitochondria targeted fluorescent probes
with high affinity and selectivity.

Recently, BODIPY derivatives have been regarded as one of the
most popular family of fluorescent dyes in the field of bioimaging
owing to their main advantages such as good photophysical prop-
erties, excellent chemical stability and good biocompatibility
[5,22–25]. Neutral BODIPY derivatives have proved to be good
substitutes of cationic probes to target mitochondria [5,10,26–
31]. However, to the best of our knowledge, there are only a
few reports on the use of neutral BODIPY derivatives as fluores-
cent probes to target mitochondria [3,21]. Considering all these
facts, we intended to develop neutral, easy-to-synthesize and
cost-effective fluorescent probes for tracking mitochondria via
live cell imaging techniques. In the current study, we wish to
report two neutral mitochondria-targeted fluorescent probes,
namely green-BODIPY 2 and blue-BODIPY 3 (Scheme 1), by com-
bining one or two piperidinyl units to a BODIPY fluorophore via
C = C double bonds. This way, the piperidinyl groups are used
to guide the BODIPY dye into mitochondria, while maintaining
BODIPY its attractive fluorescent properties. In contrast to many
other staining probes that require extensive and/or complicated
routes for their synthesis, compounds 2 and 3 were readily pre-
pared in a moderate yield but via a simple two-steps sequence.
The added piperidinyl group is used as a recognition moiety.
The synthetic route to access BODIPY dyes 2 and 3 is shown in
Scheme 1 and follow our previous report [32]. The chemical
structures of compounds 2 and 3 were fully characterized by 1H
NMR, 13C NMR, 19F NMR, MALDI-TOF MS and elemental analysis
(Fig. S2–S9, online). Interestingly, the two probes display charac-
teristics of mitochondria staining probes.

2. Materials and methods

2.1. Materials

All chemicals and solvents were of analytical reagent grade and
used directly as received unless otherwise noted. Solvents for reac-
tions were purified and dried according to standard procedures,
and then distilled before use. Dichloromethane (99.8%) was pur-
chased from Sinopharm Chemical Reagent Co. and fresh distilled
before use for electrochemistry. All reagents for synthesis were
commercially available and used directly without further purifica-
tion. All mixtures of solvents are given in v/v ratio.
2

2.2. Cell culture and imaging

HepG2 cells were cultured in Dulbecco’s modified Eagle med-
ium (DMEM) supplemented with 10% fetal bovine serum (FBS),
penicillin (80 U mL�1), and streptomycin (80 lg mL�1) at 37 ℃ in
a cell incubator containing 5% CO2 and 95% air. For cell imaging,
HepG2 cells (4 � 104/well) were seeded into 35-mm confocal
dishes to grow for 24 h. Cells were imaged with a confocal laser
scanning microscope (CLSM, LSM800, Zeiss, Germany) with a
63 � oil objective lens.

2.3. Cytotoxicity assay

To investigate the cytotoxicity of probes 2 and 3, standard
methyl thiazolyl tetrazolium (MTT) assay was used to determine
their biocompatibility. In brief, HepG2 cells (4 � 103/well) with
good condition were seeded into a 96-well plate in 200 lL DMEM
perwell and cultured in the incubator at 37℃ overnight. After rins-
ing with PBS, HepG2 cells were incubated with serial concentra-
tions of probe 2, probe 3, Mito Tracker Green and Mito Tracker
Red (200 lL/well) for 24 h, respectively. Then, cells were treated
with 200 lL of MTT working solution (0.5 mg/mL) for another
4 h. After discarding the MTT working solution, 150 lL of DMSO
was added to each well to dissolve the formazan. Afterwards, the
optical density (OD) value was recorded at the wavelength of
570 nm and reference wavelength of 650 nm with a microplate
reader after 10 mins of shaking. The cell viability was then deter-
mined as follows: Cell viability (%) = (OD1-OD2)/(OD3-OD2) � 100,
where OD1 represented OD value of treatment group, OD2 repre-
sented OD value of blank group, and OD3 was OD value of control
group.

2.4. Cellular uptake assay

The cellular uptake assay was carried out using CLSM imaging.
HepG2 cells (4 � 104/well) were seeded into 35-mm confocal
dishes to grow fully in incomplete high sugar medium for 24 h in
an incubator. Media was removed and HepG2 cells were washed
with phosphate buffered saline (PBS). A 10 lM for probe 2 or
20 lM for probe 3 in serum-free medium was added, and cells
were then incubated for different time (0.25 h, 0.5 h, 1 h, 2 h,
4 h). Meanwhile, the cells were stained with Hoechst 33,342
(25 lg/mL) for 0.5 h, then cells were rinsed with PBS three times
to perform cell imaging using a CLSM. The signal of Hoechst
33,342 was excited at 405 nm with a helium–neon laser and col-
lected at 420–480 nm. Probes 2 and 3 were excited at 639 nm with
an argon ion laser and collected at 650–720 nm. All images were
treated and analyzed by a ZEN 2012 imaging software.

2.5. Colocalization experiments

A 10 lM solution of probe 2 in serum-free medium was added
into the confocal dish to incubate for 2 h in the humidified incuba-
tor. Commercial fluorescent dyes were used to analysis localization
of the probe. Hoechst 33,342 was used to stain cell nucleus, Lyso
Tracker Green was used to stain lysosome, ER Tracker Green was
used to stain endoplasmic reticulum and Mito Tracker Green was
taken to track mitochondria. Hoechst 33,342 (25 lg/mL), Lyso
Tracker Green (4 lM), ER Tracker Green (4 lM) or Mito Tracker
Green (5 lM) were added to incubate for 0.5 h, respectively, then
cells were washed with PBS three times before cell imaging was
carried out. Afterwards, cells were visualized using a CLSM with
fixed parameters, such as the laser intensity, objective lens, expo-
sure time and so on. The signal of Hoechst 33,342 was excited at
405 nm and received at 420–480 nm. Lyso Tracker Green, ER
Tracker Green and Mito Tracker Green were both excited at



Scheme 1. Synthesis of BODIPY dyes 2 and 3.
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488 nm and collected at 495–540 nm. Probes 2 was excited at
639 nm and received at 650–720 nm. The colocalization experi-
ments of probe 3 was consistent with that of probe 2 mentioned
above, except that the concentration of probe 3 was 20 lM.
3. Results and discussion

3.1. Cytotoxicity assay

In order to investigate the biocompatibility of probes 2 and 3,
the classical MTT method was utilized to measure their half-
maximal inhibitory concentrations (IC50). Considering the absorp-
tion of probe 2 at 570 nm, we removed the background absor-
bance. Moreover, we have chosen two usual mitochondrial
markers to carry out MTT tests and compared their IC50 with
probes 2 and 3. The results showed that when incubated with
Fig. 1. Confocal fluorescence imaging of HepG2 cells stained with probe 2 (10 lM, exc
excited at 405 nm and collected at 420–480 nm) at different incubating times at 37 ℃.

3

probe 2 (100 lM) and probe 3 (80 lM) for 24 h, the cell viability
of HepG2 cells remained almost 75% and 80% (Fig. S1a-b), indicat-
ing the good biocompatibility of probes 2 and 3. Moreover, IC50 of
Mito Tracker Red and Mito Tracker Green were 5.05 lM and
3.36 lM, respectively (Fig. S1c-d).
3.2. Cell uptake of probe 2 and 3

To track the cell uptake and further explore the optimal incuba-
tion time of probes 2 and 3, HepG2 cells were stained with probes
2 and 3 at different times (0, 0.25, 0.5, 1, 2, 4 h) and imaged by con-
focal fluorescence imaging. As shown in Fig. 1 for probe 2 and Fig. 2
for probe 3, with the incubating time increasing from 0 to 4 h, the
fluorescence intensity increased gradually for the first two hours,
then remained at a high level and tended to be intense and stable
for another two hours.
ited at 639 nm and collected at 650–720 nm) and Hoechst 33,342 dye (25 lg/mL,
Scale bars: 10 lm.



Fig. 2. Confocal fluorescence imaging of HepG2 cells stained with probe 3 (20 lM, excited at 639 nm and collected at 650–720 nm) and Hoechst 33,342 (25 lg/mL, excited at
405 nm and collected at 420–480 nm) at different incubating times at 37 ℃. Scale bars: 10 lm.
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3.3. Colocalization analysis of living cells

In order to further confirm the targeting properties of probes 2
and 3, colocalization experiments were carried out in living cells
with CLSM. After incubating HepG2 cells with probe 2, Hoechst
33342, Lyso Tracker Green, ER Tracker Green or Mito Tracker
Green, the fluorescence image of probe 2 could be fully displayed
in cancer cells with probe 2 incubation for 2 h. As can be seen from
the overlap diagram of probe 2 with nucleus, lysosome, endoplas-
mic reticulum and mitochondria, probe 2 had a good overlap with
mitochondria (Pearson’s correlation coefficient: 0.91), but no over-
lap with nucleus, lysosome and endoplasmic reticulum (Fig. 3a). In
addition, mitochondrial targeting specificity of probe 2 was further
verified by linear Regions Of Interest (ROI) analysis. The ROI of
probe 2 and Mito Tracker Green showed a consistent trend in flu-
orescence intensity. In contrast, a poor overlay was visualized
between the fluorescence of probe 2 and Lyso Tracker Green (Pear-
son’s correlation coefficient: 0.44), probe 2 and ER Tracker Green
(Pearson’s correlation coefficient: 0.47), indicating that probe 2
could selectively target mitochondria in living HepG2 cells (Fig. 3-
b-e and Supplementary Videos 1–4 online). More importantly, this
probe had NIR characteristics which not only can prominently
reduce background fluorescence, but can also deeply penetrate tis-
sues to allow in vivo imaging [26].

As for probe 3, its co-localization experiments were in accor-
dance with probe 2. In brief, all commercial dyes and incubation
time were the same as probe 2 except the concentration of probe
3. Collected fluorescence images revealed that HepG2 cells were
marked with probe 3 successfully, suggesting that probe 3 had also
great cell membrane permeability as probe 2. Furthermore, in
order to investigate the subcellular localization of probe 3, the
overlay figures of probe 3 with Hoechst 33342, Lyso Tracker Green,
ER Tracker Green and Mito Tracker Green respectively showed that
4

probe 3 only overlapped well with the mitochondrial dye. No colo-
calization was observed in the nucleus, lysosome, or endoplasmic
reticulum (Fig. 4a). To further quantify the colocalization effect of
probe 3, Pearson sample correlation factors were used. The inten-
sity changes of the corresponding plot (mitochondrial and probe
3 costaining) showed a high value of 0.89, whereas the intensity
profile between lysosome dye and probe 3 (Pearson’s correlation
coefficient: 0.34), probe 3 and ER Tracker Green (Pearson’s correla-
tion coefficient: 0.42) tended to be out of sync (Fig. 4b-e and Sup-
plementary Videos 5–8 online). The above results might be due to
the weak polarity of mitochondria, which led to the accumulation
of probes 2 and 3 in mitochondria rather than lysosomes or endo-
plasmic reticulums that are more polar. Moreover, all these phe-
nomena confirmed that probes 2 and 3 were both accumulated
in mitochondria, making them suitable as indicators of mitochon-
dria since they displayed higher quantum yields. The photostabil-
ity of compound 2 and 3 in DCM (Fig. S3 and Fig. S4) and in
cellular imaging (Fig. S5) was also investigated. The results showed
that the probes were photostable during cellular imaging. There-
fore, they may further have wide applications in biological sensing,
imaging, and photodynamic therapy [33].

4. Conclusion

In summary, the targeting property of probes 2 and 3 was per-
formed by confocal fluorescence imaging in HepG2 cells. Collected
fluorescence images showed that the fluorescence intensity of
probes 2 and 3 increased gradually and then tend to be stable with
the incubation time developing, suggesting that probes 2 and 3
were entirely internalized into cells and accumulated in subcellu-
lar compartments. Confocal fluorescence microscopy revealed that
probes 2 and 3 both selectively accumulated in mitochondria in
living HepG2 cells. No colocalization was observed in the nucleus



Fig. 3. Targeting property of probe 2. (a) Confocal fluorescence images of HepG2 cells incubated with probe 2 (10 lM, excited at 639 nm and collected at 650–720 nm) for 2 h
at 37 ℃ following staining with Hoechst 33,342 (25 lg/mL, excited at 405 nm and collected at 420–480 nm), Lyso Tracker Green (4 lM, excited at 488 nm and collected at
495–540 nm), ER Tracker Green (4 lM, excited at 488 nm and collected at 495–540 nm) or Mito Tracker Green (5 lM, excited at 488 nm and collected at 495–540 nm) for
0.5 h. Intensity profile of ROI across HepG2 cells of overlap diagrams of nucleus (b), lysosome (c), endoplasmic reticulum (d) and mitochondria (e) with probe 2 respectively.
Scale bars: 10 lm.
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or lysosome. The two probes displayed excellent mitochondrial
targeting ability, which could be further used to visualize mito-
chondrial fluctuations in live cells. Finally, although the mecha-
nism of targeted mitochondria still needs to be further studied,
this study also may provide new strategies for the future design
and fabrication of highly efficient mitochondria-targeted fluores-
cent probes.
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Fig. 4. Targeting property of probe 3. (a) Confocal fluorescence images of HepG2 cells incubated with probe 3 (20 lM, excited at 639 nm and collected at 650–720 nm) for 2 h
at 37 ℃ following staining with Hoechst 33,342 (25 lg/mL, excited at 405 nm and collected at 420–480 nm), Lyso Tracker Green (4 lM, excited at 488 nm and collected at
495–540 nm), ER Tracker Green (4 lM, excited at 488 nm and collected at 495–540 nm) or Mito Tracker Green (5 lM, excited at 488 nm and collected at 495–540 nm) for
0.5 h. Intensity profile of ROI across HepG2 cells of overlap diagrams of nucleus (b), lysosome (c), endoplasmic reticulum (d) and mitochondria (e) with probe 3 respectively.
Scale bars: 10 lm.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at
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