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A mitochondria-targeting fluorescent probe for the selective 

detection of glutathione in living cells 

Xue-Liang Liu
 a

, Li-Ya Niu,
b,*

 ,Yu-Zhe Chen
c
, Mei-Ling Zheng

c
, Yunxu Yang 

a,*
, and Qing-Zheng Yang

b,*

 We report a fluorescent probe for the selective detection of 

mitochondrial glutathione (GSH). The probe, containing a 

triphenylphosphine as mitochondrial targeting group, exhibited 

ratiometric and selective detection of GSH over Cys/Hcy. The 

probe was used for imaging mitochondrial GSH in living HeLa cells. 

Mitochondrion is a double membrane-bound organelle in 

eukaryotic cells, utilizing oxygen to generate adenosine 

triphosphate (ATP) as the source of biochemical energy, thus 

has been described as the powerhouse of the cells
1
. In 

addition, they are involved in many biological processes, such 

as signaling, cellular differentiation, cell death, and 

maintaining control of the cell cycle and cell growth
2
. 

Mitochondria are recognized as a significant source of reactive 

oxygen species (ROS), which can damage mitochondrial 

membrane and hinder intracellular oxidative phosphorylation.
 

3
 The oxidative damage to the mitochondria is responsible for 

cell signaling and cell death which cause many 

neurodegenerative diseases and pathologies, such as 

Alzheimer’s disease, Parkinson’s disease, neurodegenerative 

disorders, etc
4
. As the most abundant biothiols in cells, GSH 

plays a key role in maintaining the redox environment in 

mitochondria to avoid or repair oxidative damage
5
. Therefore, 

it is of great importance to monitor mitochondrial GSH in living 

cells. 

Fluorescence probes are considered to be one of the most 

efficient molecular tools monitor and visualize analytes in 

living cells and tissues due to their high sensitivity and 

selectivity, high spatiotemporal resolution, and real-time 

imaging
6
. Given that biothiols, including GSH, Cys and Hcy, play 

different roles in biological system, the development of 

fluorescent probes which can distinguish Cys/Hcy/GSH from 

each other has emerged as an active topic in recent years
7
. 

However, few probes have been developed to selectively 

detect mitochondrial GSH
8
. Herein, we reported a fluorescent 

probe for the selective detection of GSH in mitochondria of the 

living cells. The probe was composed of chlorinated BODIPY as 

GSH recognition group and a typical mitochondrial-targeting 

moiety of triphenylphosphonium cation. It showed a 

ratiometric fluorescent response towards GSH, while Cys/Hcy 

induced on-off fluorescence signals. More importantly, it 

successfully detected mitochondrial GSH in living HeLa cells. 

In our previous work 
7b,9

, we developed a BODIPY-based 

fluorescent probe for the selective detection of GSH over 

Cys/Hcy. The probe bearing a chlorine at 3-position as a 

leaving group reacted with thiols by nucleophilic aromatic 

substitution (SNAr) to afford thioether. The amino groups of 

Cys/Hcy but not GSH further went through an intramolecular 

rearrangement to yield the amino derivatives. The distinct 

photophysical properties of thioether- and amino- substituted 

BODIPY enabled the selective detection of GSH. On the other 

hand, a functional group can be introduced at 5-position 

through click reaction (e.g., a triethyleneglycol group to 

improve the water-solubility of the probe). In order to develop 

a fluorescent probe processing both GSH detection and 

mitochondrial-targeting ability, a mitochondrial-targeted 

functional group is necessary. Positively charged groups, 

especially triphenylphosphonium moiety, are commonly used 

as mitochondrial delivery vehicles
10

. Because the 

mitochondrial membrane spans across a negative potential, 

probes with these positive charge take advantage of 

electrostatic forces to deliver the probe to the mitochondria 
11

. 

Therefore, our fluorescent probe was designed by integrating 

triphenylphosphonium moiety into the chlorinated BODIPY. 

BODIPY-PPh3 was synthesized from 3,5-dichlorinated 

BODIPY as a precursor. First, a trimethylsilylacetylene was 

attached to the 3-position through Sonogashira coupling. Then 

the triphenylphosphonium group was introduced by the one 

pot reaction of the desilylation and click reaction (Scheme 1). 
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Compound BODIPY-PPh3 was well characterized by 
1
H NMR 

and 
13

C NMR spectroscopy and high-resolution mass 

spectrometry (HRMS). 
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Scheme 1 Synthesis of BODIPY-PPh3 

At first, we performed the time-dependent absorption and 

fluorescence response of BODIPY-PPh3 in the presence of GSH 

in HEPES buffer. As shown in Fig. 1, in the presence of GSH, the 

absorption band of free BODIPY-PPh3 centred at 540 nm 

gradually decreased with concomitant growth of a new band 

at 570 nm. In the fluorescence spectra, the free BODIPY-PPh3 

exhibited an emission band at 557 nm. Upon addition of GSH, 

the original emission at 557 nm decreased, and a new 

emission band centred at 588 nm increased significantly when 

excited at the isosbestic point of 550 nm. The ratio of 

fluorescence intensities at 588 nm and 557 nm (I588/I557) 

showed good linear relationship with the GSH concentrations 

(0-80 μM, R
2
 = 0.993), and the detection limit was determined 

to be 1.1 μM (S/N = 3). 

 

Fig. 1 Time-dependent (a) absorption and (b) emission spectra of BODIPY-PPh3 

(10 μM) in the presence of 1 mM GSH. (c) Fluorescence spectra of BODIPY-PPh3 

(10 μM) after 1h upon addition of increasing concentrations of GSH. (d) The 

fluorescence ratio of 588 nm and 557 nm (I588/I557) as a function of the GSH 

concentration (0 to 80 μM). λex = 550 nm. Each spectrum was obtained in 

acetonitrile/ HEPES buffer (5:95, v/v, 20 mM, pH 7.4) at 37 °C. 

The spectroscopic responses of BODIPY-PPh3 to Cys and Hcy 

were also investigated (Fig. S1 and S2). Upon addition of Cys, 

the absorption at 540 nm decreased gradually, and a blue-

shifted absorption band at 500 nm was observed. Meanwhile, 

the fluorescence at 557 nm turned off gradually. In the case of 

Hcy, with the decrease of the absorption at 540 nm, an 

absorption band centred at 570 nm emerged and increased at 

the initial 40 min. Then the absorption at 570 nm decreased 

with the appearance of a blue-shifted absorption band at 500 

nm. The emission intensity at 557 nm gradually decreased, 

with the simultaneous enhancement of the fluorescence at 

588 nm initially. As the reaction progressed, the fluorescence 

intensity at 588 nm decreased. The absorption and emission 

spectra of BODIPY-PPh3 in the presence of GSH, Cys and Hcy 

were shown in Fig. 2, indicating BODIPY-PPh3 selectively 

detected GSH over Cys/Hcy. 

 

Fig. 2 (a) Absorption and (b) fluorescence spectra of BODIPY-PPh3 (10 μM) upon 

addition of 1mM GSH, Cys and Hcy in acetonitrile/ HEPES buffer (5:95, v/v, 20 

mM, pH 7.4) after 3 h addition at 37 °C. λex = 550 nm. 
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 Scheme 2 Reaction mechanism for BODIPY-PPh3 with Cys, GSH and Hcy. 

The spectroscopic properties of BODIPY-PPh3 were in good 

agreement with our previous studies. Based on the above 

observation and previous explorations, we proposed the 

reaction mechanism, as illustrated in Scheme 2. Initially, the 

chloro leaving group is replaced by the thiols through the thiol-

halogen SNAr nucleophilic substitution to produce compound 1 

and 3. For Cys/Hcy, once 1 is formed, the following 

rearrangement reaction take place by a five- or six-membered 

cyclic transition state to yield compound 2 with more 

thermodynamically stable C-N bond than C-S bond. In addition, 

the rearrangement reaction for Hcy is much slower than Cys 

due to the less favourite six-membered cyclic transition state 
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than the five-membered one. On the other hand, in the case of 

GSH, after the thiol-halogen SNAr nucleophilic substitution, the 

intramolecular rearrangement is difficult to happen due to the 

unstable macrocyclic transition state, thus it result in the 

stable product 3. 

Next, we evaluated the selectivity of BODIPY-PPh3 toward 

other amino acids. As shown in Fig. 3, only GSH triggered 

significant fluorescence ratio changes of 16.99. Cys and Hcy 

showed certain fluorescence responses but their fluorescence 

ratio was smaller compared to GSH (0.69 and 2.02 for Cys and 

Hcy, respectively). Other amino acids did not promote 

noticeable fluorescence variations. We further check the 

detection of GSH in the presence of other amino acids and 

metal ions (Fig. S3). The existence of other interferent did not 

affect the detection of GSH. The results confirmed the high 

selectivity of probe BODIPY-PPh3 for GSH. 

 

Fig. 3 Fluorescence intensity ratio (I588/I557) responses of BODIPY-PPh3 (10 μM) 

upon addition of various amino acids (1mM) in acetonitrile/HEPES buffer (5:95 

v/v, 20 mM, pH = 7.4) after 3 h addition at 37 °C. λex = 550 nm. 

 

Fig. 4. Single cell colocalization of rhodamine 123 and BODIPY-PPh3 in 

mitochondria of HeLa cells. HeLa cells were pretreated with GSH (1mM) for 

20min, and then costained with (a) rhodamine 123 (2 μM, Channel 1 (Ch1), λex 

488 nm; λem 500−550 nm) and (b) BODIPY-PPh3 (2 μM, Channel 2 (Ch2), λex 561 

nm; λem 570−620 nm). (c) Merged image of (a) and (b). (d) Intensity profile of 

region of interest 1 (ROI 1) cross the HeLa cell costained with Rh 123 and 

BODIPY-PPh3. (e) Intensity scatter plot of Ch1 and Ch2. 

To examine the mitochondrial-locating performance of 

BODIPY-PPh3, colocalization experiments were conducted by 

costaining HeLa cells with a commercial mitochondrial tracker 

rhodamine 123 and BODIPY-PPh3. The fluorescence of 

rhodamine 123 (Fig. 4a) from the costained cells in the 

presence of GSH overlaps well with that of BODIPY-PPh3 (Fig. 

4b), as shown in the merged yellow image (Fig. 4c). Obviously, 

the changes in the intensity profiles of the linear region of 

interest (ROI) 1 across the living HeLa cell are synchronous in 

the two channels (Fig. 4d). More importantly, a high Pearson's 

coefficient of 0.96 and an overlap coefficient of 0.95 are 

obtained from the intensity correlation plots (Fig. 4e). 

Meanwhile, in order to further approve the location of 

BODIPY-PPh3 in mitochondria, we studied the colocation 

between the probe BODIPY-PPh3 and rhodamine 123 in 

multiple cell levels. Fig. S4 show that BODIPY-PPh3 and 

rhodamine 123 can colocate in a plurality of living cells in the 

mitochondria, and high Pearson’s colocalization coefficient 

0.95 and overlap coefficient 0.95 indicate that the staining of 

BODIPY-PPh3 fits well with that of mitochondrial tracker 

rhodamine 123, The intensity profile of ROI 1 across HeLa cells 

in the two channels also varies in close synchrony. Besides, a 

high correlationship is found in the intensity scatter plot of 

green and red channels, suggesting BODIPY-PPh3 exists 

predominantly for multiple cells in mitochondria. The results 

further confirmed that the probe can accurately locate and in 

the mitochondria of the cell. 

 

Fig. 5 Confocal fluorescence images of living HeLa cells incubated with GSH (1 

mM) for 20 min, and then incubated with BODIPY-PPh3 (2μM) for 15 min: (a) red 

channel (λex 561 nm; λem 570−620 nm); (b) green channel (λex 488 nm; λem 

500−550 nm); (c) bright-field transmission image;(d) ratio image generated from 

(a) and (b). Confocal fluorescence images of living HeLa cells incubated with NEM 

(1 mM) for 20 min, and then incubated with the BODIPY-PPh3 (2μM) for 15 min: 

(e) red channel (λex 561 nm; λem 570−620 nm); (f) green channel (λex 488 nm; λem 

500−550 nm); (g) bright-field transmission image; (h) ratio image generated from 

(e) and (f). 

The selective detections of GSH in the mitochondria of the 

living HeLa cells were carried out by using confocal 

fluorescence imaging. As shown in Fig. 5, when incubation with 

GSH for 20 min at 37℃, and then incubation with BODIPY-

PPh3 for 15 min, fluorescence from both green (500-550 nm) 

and red channels (570-620 nm) was observed (Fig. 5a and 5b). 

The fluorescence ratio of red/green channels was ~5 (Fig. 5d). 

By contrast, the incubation of n-ethylmaleimide (NEM) to trap 

intracellular thiols prior to the addition of BODIPY-PPh3 

resulted in relatively weak emission in red channel and strong 
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emission in green channel (Fig. 5e and f), and the fluorescence 

ratio decreased to ~2. (Fig.5h). It indicated that BODIPY-PPh3 is 

capable of monitoring GSH in the mitochondria of living cells. 

In conclusion, we have developed a mitochondrial-targeting 

fluorescent probe BODIPY-PPh3 for the selective detection of 

GSH. The probe contained a triphenylphosphine as a 

mitochondrial targeting group and showed ratiometric 

response and selectivity for GSH over Cys/Hcy with high 

sensitivity. Colocalization experiments demonstrated that the 

probe specially located mitochondrial in living cells. Confocal 

fluorescence microscopy experiments confirmed its 

applicability to detect GSH in mitochondria of the living cells. 

We anticipate the probe can be used for exploring biological 

effects of mitochondrial GSH. 
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