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Abstract: Subcellular organelle-specific reagents for simulta-
neous tumor targeting, imaging, and treatment are of enormous
interest in cancer therapy. Herein, we present a mitochondria-
targeting probe (AIE-mito-TPP) by conjugating a triphenyl-
phosphine (TPP) with a fluorogen which can undergo
aggregation-induced emission (AIE). Owing to the more
negative mitochondrial membrane potential of cancer cells
than normal cells, the AIE-mito-TPP probe can selectively
accumulate in cancer-cell mitochondria and light up its
fluorescence. More importantly, the probe exhibits selective
cytotoxicity for studied cancer cells over normal cells. The high
potency of AIE-mito-TPP correlates with its strong ability to
aggregate in mitochondria, which can efficiently decrease the
mitochondria membrane potential and increase the level of
intracellular reactive oxygen species (ROS) in cancer cells. The
mitochondrial light-up probe provides a unique strategy for
potential image-guided therapy of cancer cells.

Targeted delivery of diagnostic and therapeutic agents to
cancer cells with image-guided therapy is a great challenge.
One of the bottlenecks is the lack of specificity, which results
in systemic toxicity and a high dosage requirement.[1] To
tackle this challenge, direct delivery of chemotherapy agents
to subcellular organelles has gained much attention for
improving therapy efficiency, minimizing side effects, and
decreasing multi-drug resistance.[2] Mitochondria are vital
subcellular organelles in eukaryotic cells and mitochondrial
dysfunctions have been linked to multiple aspects of
tumorigenesis and tumor progression.[3] Targeting mitochon-
dria has emerged as a new strategy for improved therapeutic
efficiency.

Triphenylphosphonium (TPP), a cation with lipophilicity
and delocalized positive charge, can accumulate selectively
within energized mitochondria because of the negative
potential gradient of the organelle. This property has been
applied to deliver imaging and therapeutic cargoes to
mitochondria.[4] Additionally, mitochondria-targeting pep-
tides were also reported to be successful for subcellular
targeting.[5] To construct mitochondria-targeted therapy
agents, the most common strategy is to conjugate a mitochon-
dria-targeting moiety with model drugs or to load drugs into
surface-functionalized nanoparticles.[6] To monitor the
mitochondria-specific drug delivery using fluorescence tech-
niques, additional conjugation of a fluorescent tag is required.
Such modifications have the potential to alter the pathway of
drug molecules, and the fluorescence is not correlated with
the drugs once they are released. Therefore, the development
of fluorescent therapeutic agents with mitochondria targeting
is highly desirable to track them and directly visualize their
therapeutic effects.[6b, 7]

The discovery of fluorogens which can undergo aggrega-
tion-induced emission (AIE) has opened up new opportuni-
ties to develop light-up fluorescent probes for sensing and
imaging.[8] AIE fluorogens generally have rotor structures,
which show very weak fluorescence in dilute solutions but
become highly emissive in the aggregated state.[9] To further
enhance the imaging contrast and signal-to-noise ratio,
fluorogens which can undergo both AIE and excited-state
intramolecular proton transfer (ESIPT) have been used to
develop fluorescent light-up probes.[10] As ESIPT fluorogens
can induce fluorescence change through intramolecular
hydrogen bonding, fluorogens with both AIE and ESIPT
characteristics offer additional advantages, such as a low
background signal in aqueous media with a large Stokes
shift.[11] Despite the fact that several AIE probes have been
developed for sub-organelle fluorescence imaging,[8a, 12] to
date none have shown any therapeutic effect. As many AIE
probes aggregate in cells producing a fluorescence signal, we
therefore hypothesize that a mitochondria-targeting AIE
probe might be able to quickly accumulate in mitochondria
and form fluorescent aggregates, which will induce cell stress
and lead to mitochondrial dysfunction for cancer-cell killing.
It has been established that cancer cells usually have more
negative mitochondrial membrane potentials than normal
cells, thus offering new opportunities to enrich cancer-cell
mitochondria with more AIE probes for selective cancer-cell
killing over normal cells.[13]

Herein, a fluorescent probe AIE-mito-TPP with both
AIE- and ESIPT-emission characteristics is designed by
conjugation of a salicyladazine fluorophore with the mito-
chondria-targeting TPP. The fluorescence of the probe can
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only be turned on when the rotation around the N�N bond is
restricted and the intramolecular hydrogen bonds are formed.
The probe shows almost no fluorescence in cell-culture media
but has the ability to target and switch on its fluorescence
upon aggregation in mitochondria. It also exhibits higher
cellular uptake, better selectivity, and much higher cytotox-
icity to the cancer cell lines tested herein than to normal cell
lines. We found that the predominant accumulation of the
probe in cancer-cell mitochondria could indeed induce
mitochondrial dysfunction, which affected several important
cellular processes (Scheme 1) and led to selective cancer-cell
death.

The probe was synthesized according to Scheme 1. The
reaction between 2,4-dihydroxybenzaldehyde and 1,6-
dibromohexane led to compound 2, which was further reacted
with hydrazine hydrate to afford AIE-Br. AIE-Br was
subsequently reacted with TPP to afford the probe AIE-
mito-TPP in 91% yield. The purified products were charac-
terized by NMR spectroscopy and mass spectrometry to
confirm their structures, and the experimental results are in
good agreement with the theoretical values (Figure S1–S3 in
the Supporting Information).

The photophysical properties of the probe are shown in
Figure S4. ATP-mito-TPP shows an absorption maximum at
l = 356 nm in DMSO in the UV/Vis absorption spectrum and
almost no fluorescence is detected. However, it is highly
emissive in the solid state with an emission maximum at l =

505 nm which is due to the ESIPT and AIE effects.[9, 11] There
is almost no overlap between the absorption and emission
spectra with a large Stokes shift of 149 nm, which is desirable
for bioimaging with minimal self-absorption.

First, we compared the intracellular localization of AIE-
mito-TPP in HeLa and normal fibroblast NIH-3T3 cells. Both
cells were treated with the probe (1 mm) for two hours, which
were co-stained with MitoTracker (a mitochondrial stain) or
LysoTracker (a lysosomal stain). For HeLa cells, confocal
microscopy analysis shows that the green fluorescence signal
is well-overlapped with the red fluorescence signal from the
MitoTracker (Figure 1A). However, there is almost no

overlap in the fluorescence signals between the probe and
LysoTracker (Figure 1B). The Pearson correlation coeffi-
cients, used to quantify the overlap between AIE-mito-TPP
emission and MitoTracker or LysoTracker emission, are
calculated as 0.81 and 0.23, respectively (Figure S5A–C).
For fibroblast NIH-3T3 cells, the probe is distributed in both
mitochondria and lysosomes (Figures 1C and D) and the
Pearson correlation coefficients are 0.70 and 0.50, respec-

Scheme 1. Synthesis of AIE-mito-TPP and schematic representation of
intracellular tracking and the therapeutic effect of AIE-mito-TPP in
cancer cells. The probe crosses the cell membrane (indicated by the
outer purple circle) and is taken up by the mitochondria. Within the
mitochondria the probe self-aggregates to emit a fluorescence signal
(as indicated by the term “light up”). The probe causes mitochondrial
membrane damage and subsequently induces the generation of ROS
(reactive oxygen species), inhibits ATP (adenosine triphosphate)
production, and ultimately induces cancer-cell death. DMF= dimethyl-
formamide.

Figure 1. Confocal microscopy images of A,B) HeLa cells and
C,D) NIH-3T3 cells after incubation with AIE-mito-TPP (1 mm). The
cells were co-stained with A,C) MitoTracker (200 nm) or B,D) Lyso-
Tracker (100 nm). For AIE-mito-TPP, an excitation wavelength lex =

405 nm and a band-pass filter of l = 510–560 nm were used. For
MitoTracker and LysoTracker: lex = 543 nm, band-pass filter l =575–
625 nm. Scale bar for all images= 20 mm.
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tively (Figure S5 D–F). These results demonstrate that the
probe exhibits better selectivity for mitochondria in HeLa
cells compared to NIH-3T3 cells.

Considering that carcinoma cells a have higher mitochon-
dria membrane potential than normal cells,[13b] we investi-
gated the cellular uptake of the probe in HeLa and
NIH-3T3 cells. The uptake of the probe (1.0 mm) by HeLa
cells is time- and concentration-dependent and increases
rapidly in the first 30 minutes, followed by a slow increase
over the course of the two hour study (Figure S6A, B). A
similar uptake pattern is also measured for NIH-3T3 cells
(Figure S6 C,D). However, the fluorescence intensity of the
probe-stained HeLa cells is twice and 1.5 times that of the
NIH-3T3 cells after 0.5 and 1.0 hours incubation, respectively,
revealing that the probe uptake is more efficient in HeLa
cells. This phenomenon is also detected in a panel of normal
and cancer cell lines (Figure S7). The selectivity is largely
because of the difference in mitochondrial membrane poten-
tial between normal and cancer cells. Previous studies have
shown that the approximately 60 mV potential difference
between normal epithelial cells and carcinoma cells could
result in a tenfold uptake difference at 37 8C.[7b, 13] Addition-
ally, the plasma membrane potential is also reported to be
higher for carcinoma cells than normal epithelial cells,[13b]

which also favors probe uptake for carcinoma cells. It is also
found that AIE-Br (1.0 mm) can hardly enter the HeLa cells,
indicating that TPP is not only a mitochondria-targeting
ligand, but also favors cellular uptake (Figure S8).

We next used an MTT cell viability assay to study the
cytotoxicity of AIE-Br and AIE-mito-TPP for HeLa and
NIH-3T3 cells. AIE-Br shows low cell toxicity to both cell
lines, in agreement with its poor cellular uptake. AIE-mito-
TPP even at a low concentration (0.5–1.0 mm) exhibits high
cytotoxicity to HeLa (Figure 2 A) and MDA-MB-231 cells
(Figure S9) after 24 hours incubation, but it has low cytotox-
icity to NIH-3T3 cells (Figure 2B). To further corroborate
these observations, we tested the anti-proliferative activities
of AIE-mito-TPP in a panel of control cell lines and cancer
cell lines using a CellTiter 96� aqueous one-solution cell
proliferation assay. 50% of the growth inhibition (GI50) was
achieved at 0.17–0.45 mm in all tested cancer cell lines,
demonstrating the excellent anticancer activity of the probe
(Figure S10A and Table S1). The probe is approximately 9 to
19 times more potent in HeLa cells than in the tested control
cell lines (Figure S10B, Table S1). The difference in potency
between cancer cell lines and normal cell lines indicates good
selectivity for the probe.

AIE-mito-TPP was subsequently used to monitor HeLa
cell death together with propidium iodide (PI), a dye that can
only be taken up by dead or dying cells (Figure 2C–H). To
induce rapid cell death, HeLa cells were exposed to 2 mm of
the probe. AIE-mito-TPP selectively accumulates in mito-
chondria and induces a fluorescence signal within one hour.
This, together with the negligible background signal from the
culture media, confirms the AIE character of the probe. As
the incubation time increases, PI gradually enters the cells and
stains the nuclei, giving rise to a red fluorescence signal. The
percentage of PI-stained cells increases during the period of
three to eight hours. After incubation for five hours, the cell

cytoplasm shrinks and forms large vacuoles, which are typical
characteristics of cell apoptosis. When the incubation time is
eight hours, the nuclear membrane is destroyed and the probe
also enters the nuclei (Figure 2H).

To assess whether the probe aggregation in mitochondria
is involved in mitochondrial dysfunction, we first used
tetramethylrhodamine ethyl ester (TMRE),[14] a specific
mitochondrial dye with red–orange fluorescence, to detect
the changes in mitochondrial membrane potential caused by
AIE-mito-TPP. The PBS-treated healthy cells (PBS =

phosphate buffered saline) as control show bright-red fluo-
rescence (Figure 3A), whereas the fluorescence from the
TMRE stain is significantly decreased in HeLa cells after
treatment with the probe (1 mm) for two hours (Figure 3B).
However, similar bright-red fluorescence is detected in both
control and the probe treated NIH-3T3 cells (Figure 3 C and
D). The confocal images reveal that the probe can selectively
depolarize the mitochondrial membrane potential in HeLa
cells, which is further confirmed by quantitative flow cytom-
etry analysis. As compared to the high fluorescence intensity
of the control healthy cells, the probe-treated HeLa cells
show a concentration-dependent decrease in the TMRE
fluorescence intensity. The probe (1 mm) is found to induce
a sufficient decrease in mitochondrial membrane potential
(Figure 3E), indicating membrane damage. However, in
Figure 3F, the PBS-treated control cells and the probe treated
NIH-3T3 cells show a similar bright fluorescence intensity,
which suggests the integrity of the mitochondria membrane.

Figure 2. Cell viabilities of A) HeLa cells and B) NIH-3T3 cells after
incubation with different concentrations of AIE-Br (white bars) and
AIE-mito-TPP (shaded bars) for 24 hours. C)–H) Confocal microscopy
images showing HeLa cell death upon incubation with AIE-mito-TPP
(2 mm) for 1 hour, followed by propidium iodide (PI) stain. Images are
shown at various time intervals (1h–8h). For AIE-mito-TPP:
lex = 405 nm, band-pass filter l = 510–560 nm. For PI: lex = 543 nm,
band-pass filter l = 575–625 nm. Scale bar for all images= 20 mm.
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To understand cell oxidative stress caused by AIE-mito-
TPP treatment, we monitored the level of intracellular
reactive oxygen species (ROS) for both HeLa and NIH-
3T3 cells using dehydroethidium (DHE) as an indicator.
DHE can react with superoxide radicals to form
2-hydroxyethidium, which intercalates with DNA to yield

bright fluorescence. The brightness of the
red fluorescence in cell nuclei is thus
correlated with ROS generation. As
shown in Figure 4A–D, upon incubation
of HeLa cells and NIH-3T3 cells with the
probe (1 mm) for two hours, only HeLa
cells show bright red fluorescence, whereas
that for NIH-3T3 cells remains low, indi-
cating high ROS generation in HeLa cells.
Quantitative measurement of ROS gener-
ation was conducted by flow cytometry,
which shows that 1 mm of the probe is
sufficient to maximize ROS generation
(Figure 4E) for HeLa cells, but not for
NIH-3T3 cells (Figure 4F). As the probe
itself in solution does not produce obvious
ROS, this is the first report that an AIE
probe is able to induce significant ROS
generation in cancer cells over normal cells
in the absence of light illumination. Cancer
cells are often under increased oxidative
stress as compared to normal cells, thus
further increasing the level of ROS can
selectively cause greater damage to cancer
cells.[15]

Mitochondria are the powerhouses of
cells and serve as the major energy source
to maintain the cancer-cell proliferation,
invasion, and metastasis.[16] It is postulated
that mitochondria dysfunction in cancer
cells would affect the relative cellular ATP
production and cell cycle, apoptosis, and
migration processes. The relative ATP
activity in HeLa cells decreases progres-
sively with the increased amount of probe
used for cell incubation. As compared with
PBS-treated cells, the relative intracellular
ATP activity in HeLa cells treated with 1.0
and 2.0 mm of the probe decreased to 50%
and 25% of the control, respectively.

The effects of the probe on HeLa cell-
cycle kinetics, cell apoptosis, and migration
were subsequently investigated, using
untreated cells as the control. After
24 hours incubation, for HeLa cells treated
with the probe (1 mm), the percentage of
cells in the G0/G1 phase (73.9� 1.9%) is
more than that of the control (63.4�
2.9%). The decrease of the proliferative
index for AIE-mito-TPP treated cells indi-
cates that the probe inhibits the growth of
the HeLa cells by arresting their cell cycle
progression in the G0/G1 phase (Fig-

ure S11A–C). The apoptotic ability of the probe on HeLa
cells was also studied by TUNEL staining, which detects
DNA fragmentation (TUNEL = terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling). As shown in
Figure S11D, treatment of HeLa cells with a higher concen-
tration of AIE-mito-TPP yields a higher percentage of

Figure 3. Confocal microscopy images showing the measurement of mitochondrial mem-
brane potential using TMRE in A, B) HeLa and C,D) NIH-3T3 cells without (A,C) and
with (B, D) AIE-mito-TPP (1 mm) treatment for 2 hours. For TMRE: lex = 543 nm, emission
was detected at l = 575–625 nm. E,F) The quantitative analysis of TMRE fluorescence
intensity in HeLa (E) and NIH-3T3 (F) cells by flow cytometry upon incubating the cells with
different concentrations of AIE-mito-TPP for 2 hours. Scale bar for all images= 20 mm.
Ifl (PE-Tax Red)= fluorescence intensity of the dye PE-Tax Red.

Figure 4. Confocal images showing the generation of ROS as measured by dehydroethidium
(DHE) in A,B) HeLa and C,D) NIH-3T3 cells without (A, C) and with (B,D) treatment with
the probe (1 mm) for 2 hours. For DHE: lex = 543 nm, emission was detected at l = 575–
625 nm. E,F) The quantitative analysis of ROS generation in HeLa (E) and NIH-3T3 (F) cells
by flow cytometry after incubating the cells with different concentrations of the probe. Scale
bar for all images= 20 mm. Ifl (PE-Tax Red) = fluorescence intensity of the dye PE-Tax Red.
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TUNEL-positive cells, indicative of obvious cell apoptosis. To
further understand whether the probe treatment affects the
migration of HeLa cells, a cell-scratch spatula was applied to
make a scratch in the cell monolayer, and the phase contrast
images of HeLa cells were taken before and after incubation
with the probe for 48 hours. As shown in Figure S12A and
S12D, after 48 hours incubation the PBS-treated control cells
migrate into the wound area. However, the wound closure in
the probe-treated HeLa cells is inhibited (Figure S12B, C, E,
and F). The HeLa cell migration ratios exposed to the probe
at concentrations 0.5 and 1.0 mm are 60 % and 19%,
respectively, compared to the PBS-treated cells. As cancer
cells are highly invasive with metastatic properties,[17] the
inhibition of their migration should also contribute to
effective cancer treatment. Collectively, our results validate
that the aggregation of AIE-mito-TPP probes in mitochon-
dria is responsible for their cytotoxicity and suggest that their
preferential aggregation within cancer-cell mitochondria
makes them a potential agent for cancer-cell imaging and
therapy. However, several issues, such as pharmakokinetics,
systemic toxicity in animals, and systemic localization, await
further investigation before the probe could be used for real
cancer therapy.

In conclusion, we developed a mitochondria-targeted
light-up probe AIE-mito-TPP and reported its selective
anticancer activity. The probe is almost nonfluorescent in
culture medium, and is able to quickly and selectively
accumulate in and light-up mitochondria in cancer cells
over normal cells. The probe accumulation in cancer-cell
mitochondria was found to decrease the mitochondrial
membrane potential, induce the generation of ROS, inhibit
ATP production, and affect essential cancer-cell progress. The
AIE-based strategy provides a new platform for organelle-
targeted imaging and treatment. In light of the imaging and
anticancer performance of this probe, the further design of
AIE-based probes with red and near-infrared emission will
open new opportunities for the development of potential
therapeutic agents for in vivo diagnosis and therapy.
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