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super-resolution imaging are mostly fl uorescent proteins 
(FPs) [ 4,8–10 ]  and small organic fl uorophores [ 11–18 ]  yet both suffer 
certain caveats. 

 To be specifi c, FPs are on average tenfold less emissive 
than small organic fl uorophores and their emission is envi-
ronmentally sensitive. [ 4,8,19,20 ]  Besides, the expression of these 
FPs should be precisely controlled, since their overexpression 
may lead to artifacts, such as protein aggregation or inappro-
priate localization, due to saturation of the protein targeting 
machinery. [ 21,22 ]  Moreover, FPs with large size may interfere 
the biological activity of the target they are tagged to. [ 22 ]  Photo-
activatable or photoswitchable small organic fl uorophores that 
have smaller size, on the other hand, show brighter and more 
stable emission with less perturbation to their targets and have 
been implemented in most SLM applications. [ 23,24 ]  Among 
them, Cy5, Alexa Fluor 647, and their derivatives are most 
widely utilized in super-resolution imaging, [ 7 ]  which exhibit 
excellent optical properties. However, most of these chromo-
phores demonstrate poor cell permeability and require external 
additives, such as thiols (β-mercaptoethylamine, 2-mercap-
toethanol, glutathione), ascorbic acid, and oxygen-scavenging 
agents, to effi ciently blink. [ 7,25 ]  These additives may more or less 
infl uence cellular physiology and limit their applications in live 
systems. [ 7,25 ]  To avoid the infl uences of external additives, two 
elegant examples, azido-dicyanomethylenedihydrofuran fl uoro-
phores [ 23,26 ]  and hydroxymethyl silicon-rhodamine derivatives, [ 25 ]  
have recently been developed. They show high fl uorescence 
turn-on ratios and are suitable for super-resolution imaging of 
targeted proteins in both fi xed and live cells. Both of them need 
to be specifi cally coupled to selected proteins (such as self-labe-
ling protein tags: SNAP-tag and Halo-tag), then converted into 
SNAP- and Halo-tag substrates for specifi c labeling of fusion 
proteins. Thus essential bioconjugation techniques are needed. 

 Small organelle-specifi c probes that do not need bioconju-
gation to tag seem to be a promising alternative. For example, 
MitoTracker Orange CMTMRos (MTO) and MitoTracker Red 
(MTR) with good cell permeability have been applied to super-
resolution imaging of mitochondria. [ 27 ]  Under strong laser 
illumination, these fl uorophores can be rapidly switched off 
to a dark state, which can be reactivated to bright state in the 
buffer optimized for high photon emission. Light-induced con-
version of the initial bright state to an intermediate dark state 
requires high laser load to achieve low enough on/off ratio to 
enable single-molecule localization for SLM thus resulting in 
unexpected background, more phototoxicity and complicated 

  Super-resolution imaging techniques which break the diffrac-
tion limit (Abby limit of 200 nm for visible light microscopy) 
have become a powerful tool for visualizing intracellular struc-
tures in nanometer scale, and led to numerous important 
discoveries in biology. [ 1–3 ]  Among these methods, single-mol-
ecule localization microscopy (SLM), [ 4 ]  such as photoactivated 
localization microscopy (PALM) [ 1,3,5 ]  and stochastic optical 
reconstruction microscopy (STORM), [ 2,6 ]  is gaining increasing 
attention. The SLM technique relies on the controllable 
switching of fl uorophores between their bright and dark states, 
and the quality of its output image is collaboratively decided 
by (1) the brightness of the fl uorescent molecule during each 
switching, (2) the on/off ratio that represents the ratio between 
the quantity of molecules in bright state and dark state, as well as 
(3) the accuracy and effi ciency of a certain probe to specifi -
cally tag the specifi ed protein or cellular structures without 
introducing artifacts or interfering the normal function-
ality. Thus the selection of fl uorophores for SLM is of cru-
cial importance. [ 7,8 ]  Up to now, fl uorophores for SLM-based 
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operations. [ 28 ]  Meanwhile, the fl uorescence from those long-
lived radical species can be easily quenched by environment 
leading to unstable photoswitching properties. Moreover, 
oxygen-scavenging agents are needed to remove oxygen which 
ubiquitously presents in cellular environment and can seriously 
quench fl uorescence. Therefore, it is of urgent need to develop 
fl uorophores with the initial state directly being in dark state 
and spontaneously blinking under physiological conditions 
without any additives or tagging to any protein and in oxygen-
permitted conditions. 

 Herein, we report a new class of fl uorescence turn-on photo-
activatable bioprobe, a kind of tetraphenylethylene (TPE) deriva-
tive named  o -TPE-ON+, which can undergo a novel photoactiva-
tion mechanism of photocyclodehydrogenation ( Figure    1  ). The 
photoactivation behavior of  o -TPE-ON+ is oxygen-promoted 
due to involvement of oxygen in the photocyclodehydrogena-
tion, and the cyclized product can be effi ciently excited by vis-
ible light (>500 nm) exhibiting pH- and environment-insen-
sitive fl uorescence.  o -TPE-ON+ is highly cell permeable and 
biocompatible, and can spontaneously blink without any addi-
tives. Together, these properties make the probe well suited for 
SLM in both fi xed and live cells under physiological conditions. 
Of special interest, the probe shows specifi city to mitochon-
dria via membrane potential instead of tagging to any protein 
thus minimized the infl uence to cell’s physiology properties. 
Super-resolution imaging of mitochondria using  o -TPE-ON+ 
was realized and that exhibited higher resolution compared to 

what be observed by epifl uorescence microscope. Moreover, the 
dynamic of mitochondria was monitored in nanoscale level.  

 The synthetic route to  o -TPE-ON+ is shown in  Scheme    1  . 
 o -TPE-ON was synthesized according to the procedures reported 
previously. [ 29 ]   o -TPE-ON+ was synthesized by the reaction of 
 o -TPE-ON with iodomethane and then ion-exchange reac-
tion with potassium hexafl uorophosphate in a high yield. 
All intermediates and the fi nal product were characterized 
by NMR and high-resolution mass spectroscopies (HRMS), 
from which satisfactory data corresponding to their structures 
were obtained (Figures S1–S3, Supporting Information). The 
preparation of  o -TPE-ON+ is more facile with high yield com-
pared to previously reported photoactivatable fl uorophores. 
Our previous reports have indicated that fl uorophores with 
positive charges will be driven to the matrix of mitochondria 
due to the large mitochondrial transmembrane potential gra-
dient (≈−180 mV). [ 30 ]  With such regards,  o -TPE-ON+ with two 
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 Figure 1.    a) Photocyclodehydrogenation process of  o -TPE-ON+. b) Oak ridge thermal ellipsoid plot program (ORTEP) drawing of  c -TPE-ON+ at 50% 
probability, solvents and anion are omitted for clarity. c) UV, d) Photoluminescence (PL) spectra, and e) fl uorescence images of  o -TPE-ON+ (10 × 10 −6   M ) 
and  c -TPE-ON+ (10 × 10 −6   M ) in phosphate-buffered saline (PBS) buffer solution (pH = 7.4, 10 × 10 −3   M ). PL spectra were recorded under excitation of 
450 nm and photographs were taken under 365 nm UV irradiation. f) Design rationale of the realization of dark-to-bright photoactivation of  o -TPE-ON+ 
and bright-to-dark photobleaching of  c -TPE-ON+.

 Scheme 1.    Synthesis of  o -TPE-ON+.
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positive charges is expected to specifi cally accumulate in mito-
chondria after entering cell.   

   o -TPE-ON+ absorbs at 425 nm in dimethyl sulphoxide 
(DMSO) solution ( Table    1  ). Such DMSO solution is almost 
nonemissive due to the consumption of excited-state energy by 
the active intramolecular rotations of the aryl rings (Figure S4, 
Supporting Information). [ 31 ]  Its aggregate suspension in tol-
uene, a poor solvent, show a turn-on emission at 680 nm with 
a fl uorescence quantum yield ( φ  F ) of around 6% measured by a 
calibrated integrating sphere, demonstrating a typical feature of 
aggregation-induced emission (AIE) (Figure S4a,c, Supporting 
Information). [ 31 ]  However, the aggregates formed in aqueous 
solution exhibit much weaker emission with an undetectable 
 φ  F . That is because  o -TPE-ON+ bears two electron-donating (D) 
methoxy groups and two electron-accepting (A) 1-methylpyri-
dinium groups, which endow  o -TPE-ON+ with twisted intra-
molecular charge-transfer (TICT) characteristics. Under polar 
circumstance (such as H 2 O), TICT effect is stronger than AIE 
effect, leading to faint emission of the aggregates in the polar 
solvents (Figure S4b,c, Supporting Information). [ 31–34 ]  In this 
way,  o -TPE-ON+ is nonemissive in an aqueous solution, which 
ensures it is in dark state before activation and thus a very low 
background. 

  According to our previous report,  o -TPE-
ON can be converted to  c -TPE-ON under-
going an unexpected regioselective photo-
cyclodehydrogenation in the present of light 
(Figure S5b, Supporting Information). [ 29 ]  
 o -TPE-ON+ shares similar structure with that 
molecule and should be able to undergo sim-
ilar ring-closing reaction. This is really the 
case:  o -TPE-ON+ can be converted to  c -TPE-
ON+ upon light irradiation with an unex-
pected threefold photocyclodehydrogenation 
in air (Figure  1 a and Figure S5a, Supporting 
Information). This process involves oxidative 
dehydrogenation with the aid of oxygen dis-
solved in the solution, producing biologically 
friendly water as side product. [ 34,35 ]  The struc-
ture of  c -TPE-ON+ was confi rmed by NMR 
and HRMS spectroscopies (Figures S6–S8, 
Supporting Information). Red single crys-
tals of  c -TPE-ON+ were successfully obtained 
in CD 2 Cl 2  by slow solvent evaporation 
(crystallographic data is summarized in 
Table S1, Supporting Information). The 

single crystal X-ray crystallography unambiguously confi rmed 
the molecular structure of  c -TPE-ON+ with a large conjugated 
pyreno[1,10,9-h,i,j]isoquinoline core and six coplanar aromatic 
rings (Figure  1 b). Such molecular structure can extend the 
π-conjugation, resulting in a 78 nm bathochromic shift in UV–
vis absorption spectrum from 425 nm in  o -TPE-ON+ to 503 nm 
in  c -TPE-ON+ in PBS buffer solution (Figure  1 c). Interestingly, 
the solution of  c -TPE-ON+ emits strongly at 580 nm with a  φ  F  
of 18%, which is attributed to the activation of the restriction 
of intramolecular rotation (RIR) process by chemically locking 
of the rotatable aryl rings (Figure  1 d and Table  1 ). [ 31 ]  The fl uo-
rescence difference between  o -TPE-ON+ and  c -TPE-ON+ can be 
clearly identifi ed from their PBS buffer solution by naked eyes 
(Figure  1 e). Collectively,  o -TPE-ON+ is a photoactivatable fl uo-
rophore that can be converted to highly emissive  c -TPE-ON+ 
through photocyclodehydrogenation. Thus, a general strategy 
of applying  o -TPE-ON+ in super-resolution imaging is pro-
posed in Figure  1 f, which is similar to the principle of PALM 
using caged fl uorophores: [ 8,12,26,36,37 ]  (1)  o -TPE-ON+ is in dark 
state, which can be photoactivated to form emissive  c -TPE-ON+ 
by light irradiation. The process is very simple, which does 
not require pretreatment to preset the probe to dark state by 
chemical treatment or light-irradiation as in the case of MTO, 
MTR, and some other traditional fl uorophores; (2) Then, the 
emissive  c -TPE-ON+ can be photobleached by light irradiation 
with appropriate power, setting the probe back to dark state; 
(3) Through Gaussian fi tting of the emissive spots, the precise 
location of  o -TPE-ON+ can be identifi ed, and sequentially per-
forming this procedure for thousands of times enables the con-
struction of super-resolved images.  

 We started by verifying the photoactivatable behavior of 
 o -TPE-ON+ in situ.  o -TPE-ON+ was immersed in the solu-
tion mimicking the environment in mitochondrial mem-
brane (Figure S9a, Supporting Information). [ 38 ]  As men-
tioned above,  o -TPE-ON+ is nonemissive in aqueous solution 
( Figure    2  a and the inset fl uorescence photograph). However, 
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  Table 1.    Photophysical properties of  o -TPE-ON+ and  c -TPE-ON+ in 
aqueous medium.  

Compound a)  λ  ab  
[nm]

 λ  em  
[nm]

 φ  F  
[%]

 o -TPE-ON+ 425 675 n.d.

 c -TPE-ON+ 503 580 18

    a) Abbreviations:  λ  ab  = absorption maximum,  λ  em  = emission maximum,  Φ  F  = fl uo-
rescence quantum yield, and n.d. = not detectable (signal too weak to be accurately 
determined). Absorption and emission spectra were measured in PBS buffer solu-
tions (pH = 7.4, 10 × 10 −3   M ). The excitation wavelength for emission spectra was 
derived their absorption maxima. Concentration: 10 × 10 −6   M .   

 Figure 2.    Photoactivation of  o -TPE-ON+ in simulated mitochondrial membrane. a) Time-
dependent PL spectra of  o -TPE-ON+ under irradiation of UV (365 nm, 2.48 mW cm −2 ). Insets: 
(Left) fl uorescence photographs of solution of  o -TPE-ON+ before and after UV irradiation for 
390 min; (Right) plot of relative fl uorescence intensity ( I / I  0  @ 560 nm) versus irradiation time. 
b) HPLC analysis of the photoconversion of  o -TPE-ON+ to  c -TPE-ON+ under UV irradiation 
for 390 min. Concentration: 10 × 10 −6   M . All were carried out in PBS buffer solution (pH = 7.4, 
10 × 10 −3   M ) containing simulated mitochondrial membrane (22 × 10 −6   M ).
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with UV irradiation in air, yellow fl uorescence peaked at 
560 nm emerges and the fl uorescence intensity is increased 
with prolonged irradiation time. The fl uorescence of the solu-
tion after 390 min irradiation is much brighter than that 
without irradiation (the inset fl uorescence photograph in 
Figure  2 a), demonstrating a ≈160-fold enhancement. Together 
with the increased fl uorescence intensity is the change in UV–
vis absorption spectrum (Figure S9b, Supporting Information). 
With increasing UV irradiation time, an obvious absorption 
band emerges and enhances in intensity at 503 nm, which is 
largely redshifted compared to the absorption maximum of 
 o -TPE-ON+ at 425 nm. This newly formed band is similar to 
that of the absorption of  c -TPE-ON+, indicating  c -TPE-ON+ 
is produced as the light emitting species after UV irradiation. 
The hypothesis was supported by HRMS analysis (Figure S9c, 
Supporting Information). After UV irradiation, a new peak at 
 m / z  of 672.2767 is observed, which corresponds to the mass 
of  c -TPE-ON+ without two hexafl uorophosphate fragments in 
high resolution. To acquire more solid proof, high-performance 
liquid chromatography (HPLC) technique was utilized to ana-
lyze the photoactivation product of  o -TPE-ON+ after UV irra-
diation (Figure  2 b). [ 39,40 ]  After 390 min irradiation, the peak at 
retention time of 24.6 min, which corresponds to  o -TPE-ON+, 
is decreased, while a new peak with the same retention time 
(24.0 min) as  c -TPE-ON+ appears. The peak area ratio between 
 c -TPE-ON+ and  o -TPE-ON+ is 2.63. Therefore, all these results 
suggest the highly effi cient photoactivation from  o -TPE-ON+ 

to  c -TPE-ON+ with fl uorescence turn-on model is indeed per-
formed in situ under UV irradiation. 

  Before application of  o -TPE-ON+ in cell imaging, its cytotox-
icity was evaluated by using 3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyltetrazolium bromide (MTT) and lactate dehydrogenase 
(LDH) assays [ 30 ]  under different dye concentrations (0, 1 × 10 −6 , 
2 × 10 −6 , 5 × 10 −6 , 10 × 10 −6 , 15 × 10 −6 , and 20 × 10 −6   M ). As can 
be seen in Figure S11 (Supporting Information), no signifi cant 
change in the cell viability was observed even when the concen-
tration was up to 20 × 10 −6   M  in both MTT and LDH assays. The 
results demonstrate that  o -TPE-ON+ exerts almost no infl uence 
to cell growth.  

 We further investigated the photoactivation behavior of 
 o -TPE-ON+ in fi xed HeLa cells with an epifl uorescent micro-
scope.  Figure    3   shows the fl uorescence images of fi xed HeLa 
cells stained by  o -TPE-ON+ taken with/without pretreatment 
of 10 s of UV (330–385 nm) irradiation. Generally, when 
AIE luminogens bind to organelles in cells, their light emis-
sion is switched on due to activation of the RIR process. [ 41–44 ]  
In contrast, without UV irradiation, HeLa cells stained by 
 o -TPE-ON+ display only weak autofl uorescence in both 
yellow (Excitation: 460–490 nm) and red channels (Excitation: 
510–550 nm) (Figure  3 a,c). When UV irradiation is applied, 
however, greenish yellow fl uorescence from HeLa cells is 
observed in the yellow channel (Figure  3 b), which is gradually 
intensifi ed by increasing irradiation time. After 10 s of irradia-
tion, the fl uorescence is about 24-fold higher than that without 
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 Figure 3.    a–d) Fluorescence and e) bright-fi eld images of fi xed HeLa cells before (a and c) and after (b and d) UV (330–385 nm) activation for 10 s. 
Excitation: Yellow channel (460–490 nm) for (a) and (b); red channel (510–550 nm) for (c) and (d). f) The relative fl uorescence intensity ( I / I  0 ) for (b) and 
(d) ( I ) compared to (a) and (c) ( I  0 ), respectively. g) Photoactivation and photobleaching behaviors in fi xed HeLa cells recorded by confocal laser scan-
ning microscopy. h) Plots of the relative fl uorescence intensity ( I / I  0 ) against scanning time. Fixed HeLa cells were stained with  o -TPE-ON+ (1 × 10 −6   M ) 
for 10 min. Laser power: 405 nm, 20% for photoactivation, and 514 nm, 100% for photobleaching. Scanning rate: 15.5 s per frame. Scale bar: 20 µm.
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observed from red channel of microscope (Figure  3 d), demon-
strating ≈78-fold intensity enhancement (Figure  3 f). The fl uo-
rescence enhancement in the red channel is larger than that 
in the yellow channel due to the smaller autofl uorescence of 
the former. Observation through both yellow and red channels 
is attributed to the broad emission spectrum of  c -TPE-ON+. By 
using long-wavelength excitation light especially those longer 
than 500 nm can help to avoid cellular autofl uorescence. [ 25 ]  The 
above results clearly demonstrate that  c -TPE-ON+ is generated 
in situ inside the fi xed HeLa cells after UV irradiation. Inter-
estingly, the fl uorescence turn-on rate in cell is higher than in 
the solution with imaging through both yellow and red chan-
nels of epifl uorescent microscope. 10 s are enough for giving a 
bright image, which demonstrates the rapid and effi cient in-cell 
photo activation process. 

  Close inspection of the fl uorescence images reveals that the 
fl uorescence is mainly from the mitochondria with reticulum 
structures (Figure  3 b,d). To assess the specifi city of  o -TPE-ON+ 
to mitochondria, HeLa cells were costained with both  o -TPE-
ON+ and MitoTracker Deep Red, [ 30 ]  a commercially available 
mitochondrion-specifi c probe. As shown in Figure S12 (Sup-
porting Information), the fl uorescence from  o -TPE-ON+ over-
laps perfectly with that from MitoTracker Deep Red, which 
indicates that the greenish yellow emission is originated from 
mitochondria. The degree of overlapping is quantitatively 
evaluated by Pearson’s correlation coeffi cient, which describes 
the linear correlation between two variables. A high Pearson’s 
correlation coeffi cient of 0.988 is obtained, indicating the 
high mitochondrial specifi city of  o -TPE-ON+. The specifi city 
of  o -TPE-ON+ toward mitochondira was further confi rmed by 
constaining LysoTracker (Figure S13, Supporting Information), 
which clearly demonstrates that  o -TPE-ON+ is indeed targeting 
mitochondria rather than lysosome. Such high mitochondrion-
specifi city of  o -TPE-ON+ should be originated from its pyri-
dinium salt functionalities.  

 In SLM techniques, two processes are very important. One 
is the aforementioned stochastic activation of fl uorophores to 
a bright state in SLM techniques, while the other is converting 
the activated bright state back to dark state. [ 7 ]  Confocal laser 
scanning microscopy was utilized to monitor the photoactiva-
tion and photobleaching processes (Figure  3 g). HeLa cells pre-
treated with 4% of paraformaldehyde (PFA) were stained with 
 o -TPE-ON+ for 10 min. Then 20% (65 µW, 395.8 kW cm −2 ) 
405 nm laser was utilized for activating these fl uorophores and 
100% (11.3 µW, 42.7 kW cm −2 ) 514 nm laser was utilized for 
photobleaching. With the increase in irradiation time (20%, 
405 nm), the fl uorescence of the activated state in HeLa cells 
emerges and enhances gradually, reaching a 12-fold enhance-
ment compared to the initial dark state (Figure  3 h). Sequen-
tially, a strong-power 514 nm laser was utilized to photobleach 
the fl uorescence. After continuous scanning for 920 s, the fl uo-
rescence dropped by more than 90%. In this way, after photo-
activated by light irradiation to transform  o -TPE-ON+ to  c -TPE-
ON+ with the fl uorescence turn-on process, the fl uorescence of 
 c -TPE-ON+ can be further turned to off-state by using appro-
priate light to photobleach its light emission. Such conversion 
between the fl uorescence on and off state lays the foundation 
for applying  o -TPE-ON+ to super-resolution imaging.  

 As mentioned previously, the merit in photophysics of a 
fl uorescent probe for SLM is typically evaluated by its photon 
counts and the on/off ratio, as the resolution is positively related 
to the photon counts while low on/off ratio guarantees that in 
majority there is only one molecule giving out photons under 
each blinking site. [ 7 ]  Fluorescent materials with high photon 
counts and short fl uorescence-on time are highly desirable for 
SLM. We started with evaluating the photoswitching dynamics 
of  o -TPE-ON+ using a customized STORM microscope. For 
this purpose,  o -TPE-ON+ and MTO single molecules-coated 
coverslips was prepared by dipping their dilute solutions onto 
poly-lysine-coated coverslips and wait till subsided. Interest-
ingly,  o -TPE-ON+ exhibits a spontaneous blinking under con-
tinuous illumination at 561 nm (see Movie S1, Supporting 
Information), which was observed having faster switching 
rate than MTO (see Movie S2, Supporting Information) under 
the same excitation conditions. By tracking the intensity trace 
of each single molecule, important blinking parameters such 
as photon counts on time and localization precision of both 
 o -TPE-ON+ and MTO are measured for comparison ( Figure    4   
and Figure S14, Supporting Information).  o -TPE-ON+ demon-
strates mean photon counts of 411 per molecule per switching, 
which are slightly higher than that of MTO with photon 
counts of 395 per molecule (Figure  4 a and Figure S14a, Sup-
porting Information). Moreover,  o -TPE-ON+ possesses lower 
fl uorescence-on time of 26 ms, which is nearly half the value 
of MTO (Figure  4 b and Figure S14b, Supporting Information). 
The higher photon counts and shorter on time of  o -TPE-ON+ 
guarantee its higher localization precision than MTO (Figure  4 c 
and Figure S14c, Supporting Information) and allow its faster 
recording of blinking thus improve the temporal resolution in 
live-cell imaging. 

  We further investigated photon counts and on–off duty 
cycle under different excitation intensities (5.0, 7.5, and 
10.0 kW cm −2 ) (Figure S15, Supporting Information). With the 
increasing laser power, the photon counts of both  o -TPE-ON+ 
and MTO increase accordingly, whilst their on–off duty cycle 
decreases dramatically. The photon counts of  o -TPE-ON+ is 
slightly higher than that of MTO, and the on–off duty cycle of 
 o -TPE-ON+ is much lower at high laser power.  o -TPE-ON+ with 
high photon counts and low on–off duty are advantageous for 
resolving smaller structures. It is particularly interesting that 
none additives (like thiols or oxygen scavengers that are gener-
ally adopted in STORM applications) are needed to make the 
probe photoswitchable thus live-cell super-resolution imaging 
with  o -TPE-ON+ seems superior to other systems.  

 To demonstrate the feasibility of applying  o -TPE-ON+ in 
super-resolution imaging, we performed STORM imaging in 
fi xed HeLa cells using  o -TPE-ON+ marking the mitochondrial 
structure (Figure 4). HeLa cells were pretreated with 4% PFA 
for fi xation and then incubated with  o -TPE-ON+. Afterward, the 
unbounded molecules of  o -TPE-ON+ were washed away with 
PBS buffer solution. Then the sample was subjected to imaging 
under STORM. The sample preparation process was conducted 
in air without involving any additives. Then, the epifl uorescent 
image was taken prior to super-resolution imaging, where low 
excitation power was used. Total internal refl ection fl uorescence 
(TIRF) illumination was carefully adjusted in the epi mode. 
Once the desired area was located, data acquisition was under 
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the excitation 561 nm laser with a power of 10 kW cm −2  and the 
weak activation 405 nm laser with a power of 0.11 kW cm −2 . 
The epifl uorescent image of mitochondria shows totally blurred 
structure with low resolution (Figure  4 d), while the STORM 
image of the same area exhibits clear structure of mitochondria 
with more structural details of the mitochondria (Figure  4 e). 
The transverse profi les of the single mitochondrion which 
is marked with yellow dotted line in Figure  4 b reveal that the 
full-width at half-maximum is 104.5 nm for super-resolution 
imaging, which is signifi cantly smaller than that from epifl uo-
rescent imaging (697.1 nm) (Figure  4 f). Moreover, the super-
resolution imaging of mitochondria under the STORM was 
also demonstrated to exhibit higher resolution than that from 
confocal microscope (467.54 nm, Figure S16, Supporting Infor-
mation). The results quantitatively demonstrate the unique 
photoactivation characteristic of  o -TPE-ON+, making it suitable 

for super-resolution imaging with a higher resolution than tra-
ditional fl uorescence-based methods. Notably, the imaging was 
conducted in physiological condition without any unfriendly 
additives such as thiols and oxygen-scavenging agents, thus 
it allowed us to study the live-cell mitochondria dynamics in 
nanoscale using  o -TPE-ON+. This is really the case: we success-
fully observed the fi ssion and fusion behaviors of mitochondria 
as shown in Movie S3 (Supporting Information). Multiple fi s-
sion and fusion events are presented in the Figure  4 g,h,i. The 
fi ssion and fusion sites can be clearly identifi ed as indicated by 
the green and red arrowheads, respectively (see the images at 0, 
37, and 90 s in Figure  4 g,h,i).  

 In summary, we developed a novel photoactivatable 
fl uorophore, named as  o -TPE-ON+, which exhibits an 
excellent photoactivation under a new photoactivatable 
mechanism of photo cyclodehydrogenation.  o -TPE-ON+ is 
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 Figure 4.    a) Photon counts, b) fl uorescence-on time, and c) localized precision of  o -TPE-ON+ under single-molecule state. Super-resolution imaging 
of mitochondria in a fi xed HeLa cell: d) Diffraction-limited TIRF image with totally blurred structure. e) Super-resolution image. f) Transverse profi les 
of the single mitochondrion along the yellow dotted line marked in the images (d) and (e). Scale bar: 2 µm. Mitochondrial dynamics in a live HeLa 
cell stained with  o -TPE-ON+ (10 × 10 −6   M ): Fission (green arrowheads) and fusion (red arrowheads) events captured by a time series of 2.5 s STORM. 
While the images were acquired at g) 0, h) 37, and i) 90 s. Scale bars: 500 nm.
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almost nonemissive in aqueous solution due to the nonradia-
tive decay arising from the active intramolecular rotations of the 
aryl rings and the quenching effect caused by the TICT effect 
under such polar circumstance. Upon light irradiation,  o -TPE-
ON+ undergoes an unconventional photocyclodehydrogenation 
reaction, turning it from a weak fl uorophore to a strong emitter 
 c -TPE-ON+ with high quantum yield, long excitation wave-
length of above 500 nm and pH/environment-insensitive fl uo-
rescence. The rapid and effi cient in situ photoactivatable fl uo-
rescence turn-on behavior of  o -TPE-ON+ was observed in both 
fi xed and live HeLa cells. Besides,  o -TPE-ON+ exhibited high 
mitochondria-specifi city. Single-molecule fl uorescence imaging 
demonstrated that  o -TPE-ON+ can spontaneously blink under 
physiological conditions with advantages of higher photon 
counts, lower fl uorescence-on time, and higher localization 
precision than MTO. Super-resolution imaging of mitochon-
dria was conducted under physiological conditions on STORM. 
Remarkably, no additive, such as thiols and oxygen-scavenging 
agents which are required for most other organic fl uorophores, 
is needed for  o -TPE-ON+, thereby greatly reducing the com-
plexity of the experiment and allowing the live-cell super-reso-
lution imaging of mitochondria in nanoscale. Moreover,  o -TPE-
ON+ can be applied to super-resolved observation of dynamic 
fi ssion and fusion process of mitochondria, demonstrating its 
feasibility for live-cell super-resolution imaging. Prospectively, 
it provides a new general strategy for developing more small 
organic fl uorophores for super-resolution imaging in both fi xed 
and live cells with organelle specifi city.  

 CCDC 1412264 contains the supplementary crystallographic 
data for this paper. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via  www.
ccdc.cam.ac.uk/data_request/cif .  
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