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Here, we explore the new application of an old molecule. We 

find that the tetraphenylethene-indolium molecule (TPE-

indo) can both image the mitochondria (in the aggregated 

state), and indicate mitochondria activity by the fluorescence 10 

change of TPE-indo. TPE-indo shows good photostability, 

longer emission wavelength, targeting effect for mitochondria, 

and better response to the changes of the mitochondrial 

membrane potential (∆Ψm).  

Molecules with aggregation-induced emission (AIE) 15 

characteristics are non-fluorescent when dispersed, but show 
strong fluorescence in the aggregated state, and exhibit good 
photostability than the traditional fluorescent molecules. 1 Due to 
their superior characteristics, molecules with AIE feature are 
widely used in biochemical analysis.2  Tetraphenylethene (TPE) 20 

derivatives, which have AIE feature, can stain living cells and 
microbes on the basis of good optical characters and convenient 
synthesis procedure.3 Recently, TPE derivatives are reported to 
be able to track mitochondria in cells on the basis of the target 
function of triphenylphosphonium (TPP).4 Mitochondria are 25 

membrane-enclosed organelles found in most eukaryotic cells 
and play a major role in the generation of ATP and reactive 
oxygen species (ROS).5 As an important physiologic 
mitochondrial parameter, ∆Ψm (mitochondrial membrane 
potential) indicates the health and injury of a cell. 6 Researchers 30 

synthesize new probes for targeting mitochondria, learn its 
physiological function, and hope to indicate the relationship of 
health and disease. The fluorescent dyes for imaging 
mitochondria and measuring ∆Ψm have been explored and used 
in biological field.7 Most of the mitochondrial dyes are typically 35 

lipophilic cationic compounds that equilibrate across membranes 
in a Nernstian fashion. These dyes accumulate into the 
mitochondrial membrane matrix space in inverse proportion to 
∆Ψm, such as TMRM (tetramethylrhodamine methyl ester), 
TMRE (tetramethylrhodamine ethyl ester), Rhodamine 123 40 

(Rhod123), and JC-1. The existing probes have some defects, 
such as, high cytotoxicity, limited selectivity, and poor 
photostability, so we are still on the way to require better probes 
for targeting mitochondria. The reported TPE-TPP probes can 
light up the mitochondria in cells, but cannot measure the change 45 

of ∆Ψm.4 The specific targeting mainly due to the electrostatic 
interaction of TPP and the mitochondrial membrane. However, 
when ∆Ψm changes, the fluorescence of TPE-TPP probe does not 
change, 4a which infers the electrostatic interaction between TPP 
and membrane still exists. Thus we want to find a new probe to 50 

image mitochondria and monitor the change of ∆Ψm 
simultaneously. On the basis of most mitochondrial probes have 
positive charge groups, (eg. Rhd123, TMRM, TMRE, JC-1, 

MitoTracker) we chose indolium positively-charged moiety for 
targeting and synthesised the tetraphenylethene-indolium 55 

molecule (TPE-indo). We find TPE-indo can go into the bacteria 
and show strong fluorescence. 8 It is known that bacteria and 
mitochondria share the evolutionary origin, and they both have 
strong negative cellular potential. 6c So we suggest that TPE-indo 
can be a good candidate as a mitochondrial probe. 60 

The surface electrostatic potential maybe a key factor, and affects 
the interaction between a probe and mitochondria. We calculated 
and compared the electrostatic potential of TPE-TPP and TPE-
indo by Gaussian 09, and the results showed the isosurface of 
TPP is more positive than indolium group. The weaker 65 

interaction between the probe and the mitochondrial membrane 
may make a different function. Thus we put TPE-indo in the 
living cells and observed different behaviours compared with 
TPP probes. TPE-indo can accumulate in the negatively charged 
mitochondria, and monitor ∆Ψm by the changes of fluorescence, 70 

which is the first time to be reported.  

 

 
Figure1. TPE-TPP and TPE-indo. (A) Chemical structure of 

TPE-TPP and TPE-indo. (B) Positive isosurfaces (deep blue 75 

means more positive) of the electrostatic potential of TPE-TPP 

and TPE-indo. Calculated by Gaussian 09 program. 

 

As a biological probe, the cytotoxicity determines its application. 

The cytotoxicity of TPE-indo is evaluated using Cell Counting 80 

Kit-8 (CCK-8) and cervical cancer HeLa cells.9 The cell viability 

value almost keeps about 1, which indicates that cells have good 

status with different concentrations of TEP-indo. Even the 

concentration of TPE-indo is as high as 50 µM, neither the 

viability nor the morphology of HeLa cells is significantly 85 

affected after 24 hours of incubation (Figure S1). 
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Figure2. TPE-indo molecules target mitochondria. (A) 

Fluorescent image of HeLa cells stained with TPE-indo (20 µM, 

red). (B) Fluorescent image of HeLa cells stained with Rhod123 

(20 µM, green). (C) Merged image of TPE-indo, Rhod123, cell 5 

morphology (bright field), and nucleus stained by Hoechst 33342 

(blue). Colocalization of TPE-indo and Rhod123 makes the 

fluorescence become yellow. Excitation wavelengths of Hoechst 

3342, Rhod123, and TPE-indo are 405 nm, 514 nm, and 543 nm, 

respectively. 10 

 

TPE-indo passes the cytotoxicity test favorably, and it is used to 

stain the cells. To assess the capacity of TPE-indo for staining 

cells, HeLa cells are incubated with the TPE-indo solution (20 

µM) for 20 minutes. The excitation and emission maximum of 15 

TPE-indo in cells are detected by laser scanning confocal 

microscope (LSM--710, Zeiss), which are 543 nm and 569 nm 

(Figure S2). Compared with the previously described AIE probes 

for mitochondria,4 the wavelength of the excitation of TPE-indo 

in cells is much longer, which increases the penetration depth and 20 

cell viability. As shown in Figure 2, TPE-indo colocalizes with 

Rhod123, a commercial mitochondrial dye with a high Pearson's 

correlation of 0.86. The amplified fluorescent image of HeLa 

cells stained with TPE-indo and Rhod123 with higher resolution 

is shown in Figure S3. The colocalization of TPE-indo and 25 

Rhod123 indicates that TPE-indo may at the same sub-

mitochondrial location as Rhod123, which accumulates in the 

mitochondrial matrix after staining. 10The colocalization of TPE-

indo with the other commercial mitochondrial dye, MitoTracker, 

also shows good result. (Figure S4) In order to confirm the 30 

special mitochondrial targeting of TPE-indo, the distribution of 

TPE-indo in cells is further demonstrated by its colocalization 

with the immunofluorescence of ATP5B (Figure S4). ATP5B is a 

component in mitochondrial membrane that is related with the 

synthesis of ATP (adenosine-triphosphate). The 35 

immunofluorescence of ATP5B co-localize with the fluorescence 

of TPE-indo, which verify the mitochondrial targeting function of 

TPE-indo in cells further. In contrast to commercially available 

mitochondrial dye, TPE-indo does not require washing due to 

AIE feature and extremely low cytotoxicity (Figure S5). No 40 

washing step makes the staining process more convenient and 

economical. 

To further show the superiority of TPE-indo as an ideal 

mitochondrial dye, we characterized its photostability by 

continuous laser irradiation. In order to get the real-time images, 45 

we used the laser of confocal microscope with power of 70 µW. 

We analyzed the fluorescent intensities of TPE-indo (543 nm,), 

JC-1 (543 nm), MitoTracker (543 nm), and Rhod123-stained cells 

(514 nm) in the range of 0-300 bleaching times (1.0 second 

/bleaching time)  with the laser irradiation. The fluorescent 50 

intensity of TPE-indo almost does not decay for 300 bleaching 

times, while the fluorescent intensities of Rhod123 and JC-1 

decay obviously after 100 bleaching times. (Figure 3A) The 

signal loss of TPE-indo is less than 10% after 300 bleaching 

times.  In contrast, fluorescent signal of JC-1 is almost totally 55 

quenched and the other two dyes (Rhod123, MitoTracker) lost 

~80% within 100 bleaching times. From the images of stained 

cells, we can also see the photo bleaching of these dyes in cells 

clearly. (Figure 3B) We think the anti-bleaching property of TPE-

indo comes from the different emission mechanism of AIE.1 60 

 

 
 

Figure 3. Superior photostability of TPE-indo. A) Signal loss of 

fluorescent emission with the increasing number of bleaching. B) 65 

Fluorescent images of HeLa cells stained with TPE-indo, 

Rhod123, MitoTracker, and JC-1 at 0 and 100 bleaching times 

respectively. The irradiation time is 1.0 s/bleaching. 

 

As mitochondria are energy power-plants of cells, mitochondrial 70 

membrane potential (∆Ψm) relates to cells’ capacity of 

generating ATP by oxidative phosphorylation and the change of 

∆Ψm is a key indicator of mitochondrial function.6b,6c However, 

not all the mitochondrial probes can monitor the change of ∆Ψm. 

JC-1 can do this, while MitoTracker Green FM cannot. We 75 

compared the performance of TPE-indo and JC-1 on the 

application of ∆Ψm monitoring with MitoTracker Green FM as a 

control. MitoTracher Green FM is a mitochondrial dys that 

cannot indicate the change of ∆Ψm. Both TPE-indo and JC-1 pre-

stained HeLa cells are incubated with valinomycin, which is a 80 

kind of ∆Ψm inhibitor,11 on the microscope for 20 minutes to 

detect the attenuation of fluorescence. The cells show decreased 

fluorescent intensity (Figure 4A). Compared with Mitotracker 

Green FM and JC-1, the response of TPE-indo stained cells are 

more sensitive to the same decrease of ∆Ψm (Figure 4B). It is 85 

reported that the decrease of ∆Ψm relates with the cell 

apoptosis,6b thus we  infer that TPE-indo may be able to  indicate 

the apoptosis of living cells. In order to confirm our suggestion, 

we treated HeLa cells with H2O2, which can cause apoptosis of 

cells. The untreated HeLa cells and H2O2-treated cells are stained 90 

by TPE-indo (20 µM), and the fluorescent intensities are analyzed 

by the flow cytometry. The fluorescent intensity of H2O2-treated 

cells at 564-600 nm decreased by 52.5% compared with normal 

cells (Figure 4C). These results confirm that TPE-indo can be 

used as a probe for cell apoptosis based on its capability of 95 

monitoring ∆Ψm. 
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Figure 4. TPE-indo monitors the change of ∆Ψm. A) TPE-indo 
(Top) and JC-1 (Bottom) stained HeLa cells (left) and 
valinomycin-treated HeLa cells (right). B) The time-dependent 5 

response of fluorescent signal of TPE-indo, JC-1 and 
MitoTracker Green FM with the decrease of ∆Ψm. C) H2O2-
treated HeLa cells show decreased fluorescent intensity (dotted 
line) of TPE-indo compared with normal cells (full line) in the 
flow cytometry analysis. 10 

The reason that TPE-indo can aggregate in mitochondria and 

show response to the change of ∆Ψm is due to the positive 

electrostatic surface of TPE-indo. With the positive charged 

indolium moiety, TPE-indo molecules accumulate in both 

cytoplasm and mitochondria driven by their electrical potential 15 

(Ψm) based on electrostatic interaction. As mitochondrial ∆Ψm 

ranges -140~-180 mV in most normal cells, the concentration of 

TPE-indo molecules accumulated in mitochondria can be several 

hundred-fold higher than that in cytoplasm[6c, 12]. Thus, emission 

of TPE-indo in mitochondria is enhanced according to its AIE 20 

property. It is also reported that the viscosity and protein content 

of the mitochondria are 7~8 times and 5 times of that in 

cytoplasm, respectively.13 Therefore, we wonder if the higher 

viscosity and protein content can enhance the fluorescence of 

TPE-indo in mitochondria. By using glycerol to adjust the 25 

viscosity of the solution, we increase the solution viscosity from 

1.0 mPa•s to 1412 mPa•s and fixed the concentration of TPE-indo 

at 5 µM. Upon increasing the viscosity, the emission intensity of 

TPE-indo is enhanced dramatically. Through the adding of BSA 

into glycerol solution to increase the protein content from 10 30 

mg/mL to 90 mg/mL, the emission intensity of TPE-indo is 

enhanced further (Figure S6). This is indeed consistent with its 

fluorescence spectra in cells measured by the confocal 

microscope. We also investigated the spectra of TPE-indo in the 

solvents with different pHs and polarities. We recorded the 35 

fluorescence of TPE-indo from pH 2 to pH 10 in aqueous 

solution. Although different pHs induce the change of 

fluorescence, the intensities are pretty lower than that in the 

viscous solution. In order to test the polarity effect, we used four 

solvents (water, acetonitrile, methanol, and acetone) with 40 

different polarities to dissolve TPE-indo, and recorded the 

emission spectra. The polarities of acetonitrile, methanol and 

acetone are smaller than water, and can induce part aggregation 

of TPE-indo with the increased fluorescence. But, the intensities 

are much lower than that in the glycerol. (Figure S7) So pH and 45 

polarity can affect the fluorescence of TPE-indo in some degree. 

However, the fluorescent change is much smaller compared with 

the effect of viscosity and protein. The high viscosity and protein 

content in mitochondria mainly cause the aggregation of TPE-

indo molecules and enhance the fluorescence of TPE-indo further. 50 

As we demonstrated above that the uptake of TPE-indo 

molecules is related to ∆Ψm, and the ∆Ψm of cancerous cells is 

higher than non-cancerous cells.14 We suggest that TPE-indo may 

have different response to different cells. We apply the flow 

cytometry to screen different kinds of cells cultured with TPE-55 

indo. The average fluorescent intensities of TPE-indo, both in 

human and mouse cells, are higher in cancerous cells than that in 

non-cancerous cells. For the cells from human source, Table 1 

shows the fluorescent intensities of the cancerous cells (HeLa and 

MCF-7) are higher than non-cancerous cells (HUVEC cells). In 60 

the mouse cells, the fluorescence intensity of the cancerous cell 

(4T1) is higher than the other two kinds of non-cancerous cells 

(MC3T3 and NIH3T3). Compared with the human cells, TPE-

indo shows weaker fluorescence in mouse cells. These results 

indicate the potential application of TPE-indo in the imaging of 65 

cancerous cell, because cancerous cells uptake more probes 

compared with normal cells. In the further work, we plan to 

integrative some targeting groups with TPE-indo for imaging 

cancerous cells in vivo. 

 70 

Table 1. Fluorescent intensity of TPE-indo stained different types 

of cells analyzed by flow cytometry.  

Cell name
[a]
 Source 

Cancerous 
cells 

Fluo. Intensity 

HeLa Human Yes 427.97 

MCF-7 Human Yes 390.89 

HUVEC Human No 294.70 

4T1 Mouse Yes 47.04 

MC3T3 Mouse No 12.11 

NIH3T3 Mouse No 6.45 

[a] HeLa: human cervical cancer cells; MCF-7: human breast cancer cells; HUVEC: 

human umbilical vein endothelial cells; 4T1: mouse breast cancer cells; MC3T3: 

mouse osteoblast cells; NIH3T3: Mouse fabroblast cells. 75 

Conclusions 

The structure of TPE-indo with an aggregation-induced 

fluorophore and a positively-charged indolium endows its 

capability of mitochondrial imaging and monitoring ∆Ψm. We 

demonstrate its specificity to mitochondria in cells, its excellent 80 

photostability and low cytotoxicity by the comparison with 
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commercial mitochondrial dyes. We calculate the surface 

electrostatic potential of TPE-indo to try to understand its 

targeting behaviour. We further reveal that the higher viscosity 

and protein concentration in mitochondria can enhance and 

change the emission of TPE-indo molecules, which is another 5 

mainly effect to explain the targeting of TPE-indo. TPE-indo can 

monitor the change of ∆Ψm, which is first time to find this 

function in AIE mitochondrial probes. We also find that TPE-

indo shows the higher selectivity for the mitochondria of cancer 

cells, and will do research for further development of AIE-based 10 

bioprobes. This is an old molecule, but it has a totally new 

property and application here. When we open a new window, we 

will see different scenery. 

Experimental Section 

Cell culture. Cells were cultured with Dulbecco’s modified Eagle’s 15 

medium (DMEM; Gibco) supplemented with fetal bovine serum (FBS, 

10%; Gibco), Penicillin&Streptomycin (1%), Glutamine (1%), and 

maintained in CO2 (5%) at 37oC.  

Cell viability. Viability of cells was assayed by Cell Counting Kit-8 

(CCK-8) with the absorbance of 450 nm being detected using a plate 20 

reader (Tecan infinite M200). HeLa cells grew overnight on 96-well 

culture plate (10, 000 cells per well). TPE-indo with various 

concentrations was added in the 96-well plate. After 24 hours 

incubation, cells were washed by culture medium and 10 µl of CCK was 

added to each well (containing 90 µl of medium). After 2 hours of 25 

incubation, the optical density at 450 nm was read by plate reader 

(Teican). 

Cell Imaging. The live cells were stained with TPE-indo, JC-1 (5 ug/ml), 

MitoTracker (200 nM), Rhod123 (20 µM), and Hoechst 33342 (1:10000) 

for different requirement. The cells were imaged by a confocal 30 

microscope (Zeiss LSM710) and the power of the laser is lower than 10 

µW.  

Spectrum analysis of TPE-indo in cells was taken by confocal 

microscope (Zeiss, LSM710) under lambda mode with excitation 

wavelength of 543 nm. The fluorescent images were acquired under 35 

each 10 nm in the wavelength range of 549 – 659 nm. For the 

photostability test, cells were imaged by a confocal microscope (Zeiss, 

LSM710). TPE-indo, MitoTracker, and JC-1 were excited by 543 nm 

(70 µW). Rhodamine 123 was excited by 514 nm (80 µW).  

For irradiation experiment, the stained cells without washing TPE-indo 40 

in culture medium were irradiated by the laser (488 nm, 543 nm, 100 

µW) of confocal microscope 100 times as a cycle for 30 min and 

images were taken once every cycle. 

Cell imaging with valinomycin. For valinomycin treatment, the stained 

cells were then incubated with 200 ng/mL valinomycin. Images were 45 

then captured by confocal microscope from 0 min to 20 min with 5 min 

intervals. 

Immunostaining. For immunostaining, cells were washed by 

phosphate-buffered saline twice, and fixed with 4% paraformaldehyde 

solution for 30 minutes. Cells were washed three times by PBS for 5 50 

minutes each, and permeabilized with 0.3% Triton X-100 for 10 minutes. 

10% goat serum solution was used to block nonspecific binding for 1 

hour. Primary antibodies (anti-ATP5B, gift from Prof. Jane Ying Wu’s 

lab) were incubated over night at 4oC and secondary antibodies (Alexa 

Fluor 488 goat anti- rabbit IgG, Invitrogen) were incubated for 1 hour at 55 

room temperature. 

Flow cytometry analysis. For apoptosis detection, control and H2O2–

treated HeLa cells (2 mM, 30 min) were harvested and processed for 

the apoptosis staining using the Annexin V Apoptosis Detection Kit 

FITC (eBioscience). For each experiment, 20,000 cells were analyzed 60 

using a BD FACS Calibur flow cytometer (Becton Dickinson) and 

FlowJo software (TreeStar, Inc). 

Viscosity experiment. Glycerol, and bovine serum albumin (BSA) 

were used to adjust the viscosity and protein content of solution. For 

viscosity experiment, the constant concentration of TPE-indo is 5 µM 65 

and the content of glycerol increased from 10% to 100 % (v/v) in water 

solution. The solution was excited at 450 nm and the fluorescence 

spectra were recorded by on a Hitachi F-4500 spectrophotometer at 

25oC. For protein experiment, BSA was added to the glycerol/water 

solution (65%, v/v) of TPE-indo (5 µM). As the increase of BSA content 70 

from 10 mg/mL to 90 mg/mL, the solution was excited at 450 nm and 

the fluorescent spectra were recorded by on a Hitachi F-4500 

spectrophotometer at 25oC. 

pH and polarity experiments. For pH and polarity experiments, the 

constant concentration of TPE-indo was 5 µM. Buffers with pH of 2, 3, 4, 75 

5, 6, 7, 8 were prepared by regulating the proportion of disodium 

hydrogen phosphate and citric acid. Sodium hydroxide was used to 

adjust pH of buffers from 8 to 9 and 10. Water, methanol, 

acetonitrileand and acetone  were used to study the fluorescence of 

TPE-indo dissolved in solutions with various polarity. 80 

Theoretical Calculation. The calculation of the electrostatic potential is 

performed with the Gaussian 09. The formatted checkpoint file is used 

as input in which the nuclear positions and charges, the parameters of 

the basis set, and the density matrix elements are specified. 
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