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Abstract
Herein, we develop a novel mitochondria-targetable fluorescence probe (FVPI) based on fluorene cation derivative. This
mitochondria-targetable fluorescence probe exhibits large Stokes shift in various solutions. In addition, FVPI displays numerous
advantages, including high photostability, low cytotoxicity, and two-photon properties. View of the above features, FVPI is
successfully capable of imagingmitochondria in biological systems with three different sets of signals. This finding will provide a
new platform for the constructing mitochondria-targetable fluorescent probes with excellent optical properties.
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Introduction

The mitochondria with membrane structure is closely
linked to important signal transduction in the process of
physiological activities [1–4]. It is the location for cell
respirations, including Krebs cycle and oxidation-
phosphorylation system. Mitochondria could produce
ATP to meet the bioenergetic requirements of cells by
oxidation-phosphorylation system [5, 6]. In addition, mi-
tochondria also play an important role in other types of
metabolism, such as regulating the dynamic balance of
Ca2+ concentration and synthesizing and iron-sulfur pro-
tein [7–11]. Therefore, mitochondrial metabolism is asso-
ciated with a large number of diseases, such as arterioscle-
rosis, Parkinson’s disease, heart disease and cancer
[12–17]. Thus, in order to understand the physiological
function of mitochondria, it is very necessary to visually
monitor mitochondria.

The fluorescence probes techniques provide powerful
tools for tracking dynamic process of organelles [18–23].
Stokes shift is an important index to evaluate fluorescence
probe that could accurately locate target analyses in living
cells [24]. The fluorescence probe with large Stokes shift
is capable of eliminating images error and locating the
target accurately in living biological systems [25–30].
Therefore, it is important to construct fluorescent probe
with a large Stokes shift. Up to now, numerous investiga-
tions in the past decade have focused on developing
mitochondria–targetable fluorescent probes in related
fields [31–39]. Although many mitochondria probes have
been used as commercial dyes, these probes exhibited few
Stokes shift in diverse solutions [40, 41]. Especially, fluo-
rescent probes which could located at mitochondria with
large Stokes shift are still rare [42]. Therefore, it is crucial
to develop a innovative fluorescent probe with large
Stokes shift for tracking mitochondria with three emission
colors.

Herein, we construct a mitochondria-targetable fluo-
rescence probe (FVPI) based on fluorene cation deriv-
ative (Fig. 1). The probe could successfully track mi-
tochondria with three emission colors. Moreover, it not
only exhibits a large Stokes shift in various solutions,
but also possesses a series of advantages, including
high photostability, low cytotoxicity, and two-photon
properties. View of this, this probe FVPI could track
mitochondria in the in living system with three differ-
ent sets of signals.
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Experimental Section

Synthesis

Synthesis of compound 3: Bromofluorene (1.0 g,
4.07 mmol), tri-(o-tolyl) phosphine (0.25 g, 0.81 mmol),
palladium (II) acetate (91.58 mg, 0.407 mmol) were
introduced into dry TEA/DMF (45 mL, v/v = 2:1) mixed
solvent, the reaction solution was stirred under argon for
20 min at 25 °C (Scheme 1). Then, 4-Vinylpyridine
(1.2 g, 12.21 mmol) was added. Under the protection
of argon, the reaction mixture was heated up to 95 °C
and kept at this temperature in an oil bath for 48 h. The
resulting mixture was allowed to cool to room temper-
ature, and TEA was removed in vacuo. The mixture was
extracted with CH2Cl2 and H2O, then dried over anhy-
drous magnesium sulfate, the solution was concentrated
under reduced pressure. The residue was purified by
column chromatography with petroleum ether/ethyl ace-
tate (2:1) as eluent to give the pale yellow product with
a yield of 40%. 1H NMR (400 MHz, CDCl3) δ 8.59 (d,
J = 4.0 Hz, 2H), 7.80 (d, J = 8.0 Hz, 2H), 7.75 (s, 1H),
7.57 (d, J = 4.0 Hz, 2H), 7.33–7.41 (m, 5H), 7.09 (d,
J = 16.0 Hz, 1H), 3.94 (s, 2H).

Synthesis of FVPI: Compound 3 (0.30 g, 1.1 mmol) and
Iodoethane (0.34 g, 2.2 mmol) were dissolved in the 20 mL of

EtOH. Under the protection of argon, the solution was stirred
at 80 °C for 20 h. The resulting mixture was allowed to cool to
room temperature, and solution was removed under reduced
pressure.. The crude purified by silica column chromatogra-
phy (CH2Cl2 / CH3OH (10:1, v/v)) to give the yellow product
with a yield of 65%. 1H NMR (400 MHz, DMSO-d6) δ 8.99
(d, J = 8.0 Hz, 2H), 8.27 (d, J = 8.0 Hz, 2H), 8.16 (d, J =
16.0 Hz, 1H), 8.02 (m, 3H), 7.80 (d, J = 8.0 Hz, 1H), 7.63
(t, J = 12.0 Hz, 2H), 7.42 (m, 2H), 4.55 (q, J = 6.0 Hz, 2H),
4.03 (s, 2H), 1.54 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 153.38, 144.41, 144.32, 143.93, 141.63, 140.80,
140.77, 134.28, 128.26, 128.10, 127.47, 127.23, 125.76,
124.93, 124.14, 122.95, 121.13, 121.07, 55.67, 49.07,
36.81, 16.66. HRMS (m/z): [M-I]+ calcd for C22H20N

+:
298.1590, found, 298.1563.

Apparatus and Chemicals

Bromofluorene, tri- (o-tolyl) phosphine, palladium (II) acetate
and Iodoethane were bought from commercial suppliers
(Energy Chemical). Analytical reagents used in synthesis ex-
periments not need to further purification. Unless otherwise
indicated; Thin-Layer Chromatography (TLC) used to moni-
toring organic experimental process. Furthermore, isolation
and depuration of products were performed by column chro-
matography; The company (Qingdao Ocean Chemicals)

Fig. 1 Design of the probe FVPI
for target mitochondria
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Scheme 1 The synthetic route to
the probe FVPI.
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Fig. 2 (A) Absorption spectra
and (B) fluorescence responses of
FVPI toward diverse solvents.
[FVPI]: 10 μM

Fig. 3 (A) The UV (black) and
FL spectra (red) in DMF of the
probe; (B) The UV (black) and
FL spectra (red) in MeCN of the
probe; (C): The UV (black) and
FL spectra (red) in PBS of the
probe; (D): The UV (black) and
FL spectra (red) in H2O of the
probe. [FVPI]: 10 μM

Fig. 4 Confocal microscopy images of of HeLa cells treated with FVPI
(10 mM) for 30 min.(A) Bright-field image; (B) The blue emission chan-
nel (λex = 405 nm, λem = 425–475 nm); (C) The green emission channel

(λex = 405 nm, λem = 500–550 nm); (D) The red emission channel (λex =
405 nm, λem = 570–620 nm); (E) merged image. Scale bar = 20 μm
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supplied silica gel (mesh 200–300). The solvents primarily
used for spectrometry are chromatographic grade solvents.

1H and 13C NMR spectra were measured on an AVANCE
III digital NMR spectrometer, using tetramethylsilane (TMS)
as internal reference; High resolution mass spectrometric

(HRMS) analyses were measured on an Agilent 1100
HPLC/MSD spectrometer; Electronic absorption spectra were
obtained on a Shimadzu UV-2700 power spectrometer;
Photoluminescent spectra were recorded with a HITACHI
F4600 fluorescence spectrophotometer with a 1 cm standard

Fig. 5 Fluorescence image of HeLa cells treated with FVPI (10 μM) for
30min and commercial organelle tracker (0.2 μM) for 5min. (A) and (E):
Fluorescence image of FVPI collected red emission channel (λex =
405 nm, λem = 570–620 nm);(B): Fluorescence image of MitoTracker

Deep Red (λex = 647 nm, λem = 663–738 nm); (F): Fluorescence image
of Lyso Tracker Deep Red (λex = 647 nm, λem = 663–738 nm); (C) and
(G) Merged image. (D) and (E): Intensity profile of the region of interest
indicated by the white color line. Scale bar = 20 μm

Fig. 6 Fluorescence image of HeLa cells incubated with FVPI (10 μM)
for 30 min and MitoTracker Deep Red (0.2 μM) for 5 min. (A)
Fluorescence image of FVPI collected blue emission channel (λex =
405 nm, λem = 425–475 nm); (B) Fluorescence image of FVPI collected
green emission channel (λex = 405 nm, λem = 500–550 nm); (C)
Fluorescence image of FVPI collected red emission channel (λex =
405 nm, λem = 570–620 nm); (D): Fluorescence image of MitoTracker

Deep Red (λex = 647 nm, λem = 663–738 nm); (E) merged image. (F):
Correlation plot of FVPI andMitoTracker Deep Red intensities with blue
emission channels; (G): Correlation plot of FVPI and MitoTracker Deep
Red intensities with green emission channels; (H): Correlation plot of
FVPI and MitoTracker Deep Red intensities with red emission channels.
Scale bar = 20 μm
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quartz cell; Fluorescence imaging of the cells were performed
with Nikon AMP1 confocal microscopy. Two-photon imag-
ing was acquired by Nikon AMP1 confocal microscopy.

All fluorescent pictures including fluorescent images and
fluorescence intensities in cells were obtained by NIS
Elements AR processing software.

Preparation of Solution of FVPI

Firstly, the FVPI was dissolved in N,N-Dimethylformamide
to obtain the stock solution (1 mM). The 30 μL stock solution
poured into 3 mL various solvents to obtain a solution (10 μM
FVPI) and it be capable of spectral experiments.

Secondly, the fluorescence quantum yields of FVPI were
further evaluated by the following eq. (1):

Φs ¼ Φr
Ar λrð Þ
As λsð Þ

� �
n2s
n2r

� �
Fs

Fr
ð1Þ

Where the subscripts s and r refer to the sample and the
reference, respectively.Ф is quantum yield, F is the integrated
emission intensity, A stands for the absorbance, and n is re-
fractive index.

Cells Culture and Imaging

The Nankai University (Tianjin, China) provided living cells
(HeLa) and fetal bovine serum. Culture medium that can in-
cubate HeLa cells was acquired by Dulbecco’s Modified
Eagle’s Medium (DMEM), 10% fetal bovine serum

Fig. 7 (A) Confocal microscopy images of living cells incubated with
FVPI acquired at different times under successive excitation (DAPI:
λex = 404 nm, λem = 425–475 nm; FITC: λex = 404 nm, λem = 500–

550 nm); (B) Confocal microscopy images of HeLa cells treated with
MitoTracker Deep Red obtained at definite times (λex = 647 nm, λem =
663–738 nm); (C) Normailzed intensities of probe and mito-tracker

Fig. 8 TPM fluorescence
imaging of the liver tissues
incubated with FVPI (25 μM) for
60 min. (A and B) 3D fluores-
cence images (λex = 760 nm,
λem = 425–475 nm)

J Fluoresc (2019) 29:1457–1465 1461



Fig. 9 Images of zebrafish treated
with 10 μM FVPI; (A)The blue
emission channel (λex = 405 nm,
λem = 425–475 nm); (B) The
green emission channel (λex =
405 nm, λem = 500–550 nm); (C)
The red emission channel (λex =
405 nm, λem = 570–620 nm)

Fig. 10 Confocal fluorescence images of zebrafish treated with FVPI obtained at different times (A-D): Red channel: (λex = 404 nm, λem = 570–
620 nm); (E-H): Merged pictures; (I) Fluorescent intensities of the zebrafish treated with FVPI (10 μM) at time points
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(FBS) and 5% Antibiotics. Two days before imaging,
the living cells were placed on the confocal dish (den-
sity of cells was 1 × 105/ mL) and supplemented 1 ml
culture medium. Cells imaging experiment could be per-
formed before the cells reached about 70% coverage.
10 μM FVPI were mixed evenly with 1 mL culture
medium (pH 7.4) in a tube. The cells were incubated
with the above mixed solutions at 37 °C for 0.5 h.
Wash cells twice with 1 mL PBS and the fluorescence
images were acquired confocal microscopy .

Co-Colocation Experiment

Co-colocation experiments were performed in living HeLa
cells. Before performing cell imaging, HeLa cells cultivated
in the culture dish according to the way of cell culture in an
atmosphere (5% CO2, 95% air) at 37 °C. First, HeLa cells
were treated with 10 μM FVPI for 0.5 h in an atmosphere
(5% CO2, 95% air) at 37 °C, and then the probe were washed
using buffer solution after 30 min; Second, HeLa cells were
labeled with MitoTracker Deep Red and Lyso-Tracker Deep
Red according to the manufacturer’s instructions. Third, wash
cells twice with 1 mL PBS and the co-colocation images were
acquired through Nikon AMP1 confocal microscopy.

The probe FVPI were excited using a 404 nm laser, and
emission was collected between 425 and 475 nm.
MitoTracker Deep Red and Lyso-Tracker Deep Red were ex-
cited using a 647 nm laser, and emission was collected be-
tween 663 and 738 nm.

Tissues Imaging

Fresh liver tissue was treated with the vibrating-blade
microtometo to obtain 400 μm thickness slices; The liver
slices were treated with 25 μM FVPI in PBS, after incubated
60 min, the liver slices were washed twice by PBS; The tissue
slices were placed on the confocal dish. Fluorescence images
of tissues were acquired with Nikon AMP1 confocal micro-
scope at Z-scan mode. The tissues fluorescence images were
excited using a 760 nm laser, and emission was collected
between 425 and 475 nm.

Zebrafish Imaging

The company (Nanjing Eze-Rinka Biotechnology Co., Ltd)
provided Wild type zebrafish. Two days before imaging ex-
periments, the zebrafish was fed at optimal breeding condi-
tions. The zebrafishes were placed on the confocal dish and
supplemented 1 ml culture medium. First, the zebrafishes
were treated with 10 μM FVPI for 0.5 h; Second, the culture
medium was removed and further washed twice by PBS;
Third, before imaging, the zebrafish was added to new

confocal dish and treated with adopted 1% agarose gel.
Finally, zebrafish imaging experiment was carried out.

Results and Discussion

Optical Properties of the Free Probe

The UVand emission spectra of the dye FVPIwere investigated
in different solvents. The optical data ofFVPI in diverse solvents
were displayed in Fig. 2. For the dye FVPI, the consequences
exhibited that the compound had maximum absorption and fluo-
rescence peaks at 380 nm and 524 nm in PBS. The probe FVPI
displayed large Stokes shift (129–147 nm) in organic and pure
water systems in Table S2. For more obvious displaying the
prove FVPI with large Stokes shift, we set out to investigate
Stokes shift of FVPI in DMF, MeCN, PBS and H2O (Fig. 3).
Thus, the probe FVPIwith large Stokes shift can avert measure-
ment error and self-quenching in detection process. The standard
used Rhodamine 6G (Φ = 0.95) in water and the value of refrac-
tive index was 1. Furthermore, the probe FVPI showed high
fluorescence quantum yield in Table S2.

Imaging in Living Cells

Before achieving cells images, we have done the cytotox-
icity test. The consequences displayed that FVPI exhibits
low cytotoxicity for HeLa cells (Table S3). The confocal
microscopy images (Fig. 4) verified that 10 μM FVPI
could availably penetrate the cell membrane and enter liv-
ing HeLa cells. As shown in Fig. 4, FVPI emitted bright
fluorescence in cytoplasm at three emission channels, and
no fluorescence was observed in the extracellular regions.
According to the design, the probe was a derivative of
pyridine cation, and the pyridine cation was mitochondrial
targeting group. So in order to demonstrate that the probe
FVPI was able to track mitochondria, we further conduct-
ed the colocalization experiment.

Co-Colocation Imaging

Co-localization experiments with commercial organelle
dyes were general way for detecting intracellular localiza-
tion of probes [43]. Therefore, in order to verify the dyes
FVPI was able to selectively target mitochondria in living
cells, co-staining experiments of dyes were implemented.
The cells were treated with FVPI and the commercial or-
ganelle tracker (Mito Tracker Deep Red and Lyso Tracker
Deep Red), to demonstrate whether the probe could spe-
cifically image mitochondria in living cells. The lightful
lilac fluorescence shown in Fig. 5 exhibited the prominent
co-localization ability of FVPI with MitoTracker Deep
Red. The results of using co-staining experiment with
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Mito Tracker Deep Red showed high Pearson ’s
colocalization coefficient (Rr = 0.90), nevertheless the
Pearson’s colocalization coefficient displayed 0.57 when
co-stained with Lyso Tracker Deep Red. In order to further
prove that the probe can sensitively track mitochondria
with three emission colors, we analyzed the experimental
data of the three channels in the co-incubation results. The
images of incubating Mito Tracker Deep Red strongly
suggested that FVPI targeted the intracellular mitochon-
dria at three emission channels in Fig. 6 (the Pearson’s
colocalization coefficient Rr = 0.94 at blue channnel,
Rr = 0.86 at green channnel, Rr = 0.90 at red channnel).
However, the Pearson’s colocalization coefficient was
low when the probe incubated with Lyso Tracker Deep
Red at three emission channels, respectively (Fig. S1).
Thus, FVPI predominantly located in the mitochondria
in living cells with three emission colors.

Photostability is one of the key indicators for the devel-
opment of remarkab le f luorescent p robes [44] .
Fluorescence images of FVPI and MitoTracker Deep
Red were obtained at diverse times under continuous irra-
diation (Fig. 7). The fluorescence intensity of intracellular
dyes was normalized and plotted as a function of time. In
Fig. 7, the fluorescence emission of FVPI was stable un-
der successive excitation for 11 min. In comparison, at the
same laser intensity, the fluorescence intensity of
MitoTracker Deep Red decline keenly in 130 s. The above
c on s equenc e d i s p l a y e d t h a t FVPI s h ow h i gh
photostability at divese times under continuous excitation.

Two-Photon Imaging

Comparedwith one-photon (OP) fluorescent probes, two-photon
(TP) fluorescent probes have better bio-sample penetration abil-
ity. We have shown that FVPI could image mitochondria in
HeLa cells at OP excitation. Now, the probe FVPI was further
study whether own TP property. The HeLa cells were treated
with FVPI (10 μM) and TP image was implemented by TP
fluorescence microscope. As shown in Fig. S2, the extracellular
regions were not found fluorescence, themitochondria was emit-
ted bright fluorescence. The results demonstrated that FVPIwas
able to target mitochondria in canner cells at TP excitation.

The liver tissues were incubated with FVPI (25 μM)
for 60 min, and then TP microscopy fluorescence im-
ages of the slices were acquired at 760 nm excitation
and emission was collected between 425 and 475 nm
(Fig. 8). As displayed in Fig. 8 A, the phenomenon
revealed that the probe can penetrate to tissues depth
of 65 μm at TP excitation. The 3D imaging effect of
the tissue from superposition of tissue section were
further acquired (Fig. 8B). Thus, the result manifested
that FVPI possessed ability in deep tissues at two-
photon excitation.

Zebrafish Imaging In Vivo

To further evaluate the application of FVPI in living system,
zebrafish imaging experiment was also conducted. As illus-
trated in Fig. 9, zebrafish larvae was loaded with (10 μM)
FVPI for 30min, and obvious fluorescence could be observed
in these samples in three emisssion channels. In Fig. 10,
zebrafish stained by FVPI exhibited stable fluorescence inten-
sity during continuous laser irradiation of 15 min at red
emisssion channel. Furthermore, the experimental results
showed that blue emisssion channel and green emisssion
channel also had high stability in Fig. S3. These imaging
findings demonstrated that FVPI could capable of tracking
the mitochondria in living system and exist high photostability
with three emission colors.

Conclusion

In summary, we have developed a novel fluorescent
probe for imaging mitochondria with three different
sets of fluorescence signals based on fluorene cation.
The probe could successfully track mitochondria with
three different sets of signals. Interestingly, this fluo-
rescence probe exhibited large Stokes shift in different
solutions. It is found that FVPI showed excellent prop-
erties, including high photostability, low cytotoxicity,
and two-photon properties. View of the above features,
the probe FVPI possessed ability tracking mitochondria
in the living cancer cells, tissues and zebrafish. This
finding will provide a new platform for the construct-
ing mitochondria-targetable fluorescent probes with ex-
cellent optical properties.
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