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A B S T R A C T   

Biothiols are crucial reactive sulfur species in living cells, playing an essential role in maintaining the normal 
function of organisms. Effective detection of biothiols promotes the exploration of metabolic pathways and 
physiological functions of organisms. In this paper, a cyanine-based, mitochondria-targetable fluorescent probe, 
Cy-DNBS, was designed and synthesized. This probe uses a lipophilic cation unit as mitochondrial targeting site 
and DNBS group as the fluorescence quencher as well as the recognition site. The probe shows a distinct fluo-
rescence emission at 604 nm upon rapid interaction with intracellular biothiols, owing to the removal of the 2,4- 
dinitrobenzene-sulfonyl (DNBS) group and the blockage of PET process. Moreover, the probe can not only image 
endogenous thiols, but also efficiently target mitochondria and evaluate thiol fluctuations under mitochondrial 
oxidative stress induced by H2O2. Collectively, the new low cytotoxic probe can serve as a promising tool for 
monitoring cellular thiols and further exploring elevant disease processes.   

1. Introduction 

Mitochondria, which are considered as the cellular power packs, play 
vital roles in energy metabolism and apoptosis of cells, organs and tis-
sues[1,2]. Moreover, mitochondria are the main source of intracellular 
reactive oxygen species (ROS) and related with various physiological 
processes[3,4]. However, excessive ROS can induce mitochondrial 
oxidative damage and eventually lead to numerous pathological con-
ditions, including neurodegenerative disorders, cardiovascular diseases, 
diabetes, cancers and so on[5–8]. In order to protect cells from oxidative 
injury, mitochondria simultaneously possess a large number of free 
radical scavengers and mitochondria thiols, including homocysteine 
(Hcy), cysteine (Cys) and glutathione (GSH)[9–11], which are closely 
related to antioxidation processes in biological systems through the 
equilibrium of free thiols and oxidized disulfides forms[12–15], thus 
playing an essential role in complicated physiological and pathological 
processes[16–19]. The normal intracellular concentrations of Hcy, Cys 
and GSH are approximately 5–12 μM, 30–200 μM and 1–10 mM, 
respectively [20–23]. Large fluctuations in intracellular thiol concen-
trations will cause many diseases. For instance, low level of Cys has been 
reported to cause liver damage and lethargy[24,25]. Overexpression of 
Hcy results in neural tube defect and coronary heart disease[26]. GSH, 

the most abundant intracellular biothiol, maintains redox homeostasis 
through protecting cells from injury caused by reactive oxygen species 
(ROS) and free radicals, which is quite significant for normal cell func-
tion[27,28]. Deviation from normal GSH concentration could lead to 
severe diseases as cancers. Many studies indicate that the above three 
mercaptan are related to each other and significantly decreased level of 
these thiols can cause mitochondrial damage and dysfunction[29–31]. 
In order to gain deeper understanding of the physiological mechanism 
and diagnosis of various related diseases, it is of essential importance to 
explore methods for real-time monitoring mitochondrial thiols fluctua-
tions in living cells. 

Fluorescence technique has aroused increasing interest due to the 
advantages of non-invasion, operational simplicity, high sensitivity/ 
selectivity and fast response, and has witnessed great progress in the 
past decade[32]. Owing to the high reactivity of thiol groups, various 
fluorescent probes employing different mechanisms, such as Michael 
addition, disulfide exchange reaction, cyclization with aldehyde, 
nucleophilic substitution etc., have been developed for biothiol detec-
tion[33–38]. Maeda et al. [39] have reported that 2,4-dinitrobenzene--
sulfonyl (DNBS) group has high sensitivity and responsiveness towards 
thiols, being useful to design thiol sensors. Inspired by this strategy, a 
new mitochondria-targeting probe Cy-DNBS, cyanine decorated with 
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DNBS group, was designed and synthesized by our group for selective 
thiols detection and imaging in vitro and in living cell (Scheme 1). This 
probe uses a lipophilic cation unit as mitochondrial targeting site and 
DNBS group as the fluorescence quencher as well as the recognition site. 
Cy-DNBS shows no fluorescence in the absence of thiols due to the 
photo-induced electron transfer (PET) between fluorophore and DNBS 
group. Upon addition of thiols, distinct fluorescence emission at 604 nm 
can be detected owing to the removal of the DNBS group and the 
blockage of PET process. We investigated the spectral response of the 
probe in aqueous solution, and further in living cells. The results illus-
trated that the sensor displays high sensitivity and selectivity towards 
thiols and possesses excellent mitochondria-targeted ability. 

2. Experiment 

2.1. Materials and apparatus 

All reagents and chemicals used for synthesis were purchased from 
commercial suppliers and used without further purification unless 
otherwise indicated. All oxygen or water sensitive reactions were per-
formed under argon atmosphere using the standard Schlenk method. 
Mitotracker® Green FM and Hochest 33342 were purchased from 
YEASEN Biological Company. HeLa, Du 145, PC-12 and HUVEV cells 
were purchased from ATCC (American Type Culture Collection). 

The 1H NMR and 13C NMR spectra of compounds were recorded by 
Bruker AM-400 spectrometer, using tetramethylsilane (TMS) as an in-
ternal reference and CDCl3 or DMSO‑d6 as solvent. MS spectra of com-
pounds were measured on a Micromass LCTTM (HREI-TOF) 
spectrometer. PBS buffers with different pH ranges were prepared using 
FiveEasy Plus pH meter. The absorption and emission spectra were 
recorded by Varian Cary 500 and Varian Cary Eclipse, respectively. Cell 
viability data were recorded by Synergy H4 Hybrid Reader (BioTek, 
USA). The cell confocal fluorescence imaging experiments were con-
ducted on a Nikon (Japan) laser confocal scanning microscope. 

2.2. Synthesis and characterization 

Synthesis of compound 1.2,3,3-Trimethyl-3H-indole (4.0 mL, 25 
mmoL) was dissolved in CH3CN (15 mL). To the mixture was added CH3I 
(4.0 mL, 60 mmoL). Then the mixture was refluxed at 80 ◦C overnight 
under argon atmosphere. After cooling to room temperature, the pre-
cipitate was filtered and washed with n-hexane and dried in vacuum to 
obtain compound 1 as a pale pink solid powder (6.68 g, yield 85.8%). 1H 
NMR (400 MHz, DMSO‑d6) δ (ppm) 7.92 (dd, J = 8.81 Hz, 1H), 7.84 (m, 
J = 8.57 Hz, 1H), 7.63 (m, J = 22.25 Hz, 2H), 3.98 (s, 3H), 2.77 (s, 3H), 
1.53 (s, 6H). 

Synthesis of compound 2. To a 200 mL Schlenk tube, Pd(OAc)2 
(0.60 g, 2.67 mmoL), tri-o-tolylphosphane (1.64 g, 5.37 mmoL) and 3- 

bromo-4-hydroxybenzaldehyde (3.00 g, 14.92 mmoL) were added. 
Then distilled toluene and triethylamine were injected under argon at-
mosphere after dehydration. After freezing and filtrating of oxygen, 4- 
vinylpyridine (2.0 mL, 18.81 mmoL) was added. Then the mixture was 
refluxed at 100 ◦C overnight and monitored by TLC. The reaction 
mixture was poured into CH2Cl2 after cooling to room temperature and 
filtered. The filtrate was washed with weak acid water and the aqueous 
layer was extracted with CH2Cl2 for three times. The combined organic 
layers were dried over anhydrous Mg2SO4 and purified by column 
chromatography on silica gel with CH2Cl2/MeOH (50:1, v/v) as eluent 
to get compound 2 as a pale yellow solid (1.20 g, yield 35.7%). 1H NMR 
(400 MHz, DMSO‑d6) δ (ppm) 11.22 (s, 1H), 9.87 (s, 1H), 8.56 (d, J =
5.90 Hz, 2H), 8.21 (d, J = 2.01 Hz, 1H), 7.75 (dd, J = 10.46 Hz, 1H), 
7.69 (d, J = 16.57 Hz, 1H), 7.57 (d, J = 6.16 Hz, 2H), 7.38 (d, J = 16.57 
Hz, 1H), 7.06 (d, J = 8.42 Hz, 1H). 13C NMR (101 MHz, DMSO‑d6) δ 
(ppm) 191.24, 161.21, 150.14, 144.45, 131.09, 129.95, 128.59, 127.08, 
123.51, 120.82, 116.46. HRMS-ESI (m/z): Calcd. for (C14H11NO2): 
226.0863 (M + H)+, found 226.0862. 

Synthesis of compound 3. To a 100 mL three-neck round-bottom 
flask, compound 2 (0.30 g, 1.33 mmoL) in dry CH2Cl2 and NEt3 was 
added. The mixture was stirred at 0 ◦C in ice-water bath for 60 min and 
2,4-dinitrobenzenesulfonyl chloride (0.53 g, 2.00 mmoL) in CH2Cl2 was 
added dropwise. Then the mixture was stirred at room temperature and 
monitored by TLC. After completion, the resulting mixture was filtered 
and the filter cake was dried in vacuum to get compound 3 as a pale 
yellow solid (0.54 g, yield 89.1%). 1H NMR (400 MHz, DMSO‑d6) δ 
(ppm) 10.08 (s, 1H), 8.95 (d, J = 2.25 Hz, 1H), 8.55 (d, J = 5.96 Hz, 2H), 
8.47 (dd, J = 11.03 Hz, 1H), 8.42 (d, J = 1.77 Hz, 1H), 8.25 (d, J = 8.54 
Hz, 1H), 8.00 (dd, J = 10.39 Hz, 1H), 7.60 (d, J = 8.33 Hz, 1H), 7.35 (dd, 
J = 18.15 Hz, 3H), 7.23 (d, J = 16.45 Hz, 1H). 13C NMR (101 MHz, 
DMSO‑d6) δ (ppm) 191.19, 151.22, 150.25, 149.59, 147.93, 142.69, 
135.78, 133.54, 131.01, 130.79, 130.56, 129.12, 127.43, 124.76, 
123.74, 120.76. HRMS-ESI (m/z): Calcd. for (C20H13N3O8S): 454.0351 
(M − H)-, found 454.0356. 

Synthesis of compound Cy-DNBS. To a 50 mL Schlenk tube, com-
pound 1 (0.20 g, 0.66 mmoL), compound 3 (0.30 g, 0.66 mmoL) and 
NaOAc (0.05 g, 0.66 mmoL) were added and acetic anhydride (10 mL) 
was injected under argon atmosphere after dehydration. Then the 
mixture was refluxed at 80 ◦C for 6 h. After cooling to room temperature, 
the reactive mixture was suspended in diethyl ether and filtered to yield 
Cy-DNBS as a brown solid (0.20 g, yield 42.2%). 1H NMR (400 MHz, 
DMSO‑d6) δ (ppm) 8.94 (d, J = 2.26 Hz, 1H), 8.77 (d, J = 6.34 Hz, 2H), 
8.74 (d, J = 1.39 Hz, 1H), 8.50 (d, J = 2.41 Hz, 1H), 8.47 (m, J = 10.53 
Hz, 1H), 8.43 (dd, J = 10.62 Hz, 1H), 8.26 (d, J = 8.72 Hz, 1H), 7.98 (dd, 
J = 9.06 Hz, 1H), 7.94 (dd, J = 8.73 Hz, 1H), 7.83 (d, J = 16.52 Hz, 1H), 
7.77 (d, J = 6.36 Hz, 2H), 7.68 (dd, J = 8.84 Hz, 2H), 7.64 (d, J = 8.81 
Hz, 1H), 7.56 (d, J = 16.30 Hz, 1H), 7.37 (d, J = 16.38 Hz, 1H), 4.25 (s, 
3H), 1.85 (s, 6H). 13C NMR (101 MHz, DMSO‑d6) δ (ppm) 181.71, 
151.28, 150.00, 148.55, 147.97, 145.94, 143.79, 141.80, 134.77, 
133.65, 131.77, 130.47, 130.37, 129.85, 129.42, 129.05, 127.45, 
124.77, 122.96, 122.24, 120.69, 115.60, 115.27, 52.48, 25.04, 21.02. 
HRMS-ESI (m/z): Calcd. for (C32H27N4O7S+): 611.1595 (M)+, found 
611.1641. 

Synthesis of compound Cy-OH. To a 50 mL Schlenk tube, com-
pound 1 (0.15 g, 0.49 mmoL) and compound 2 (0.10 g, 0.44 mmoL) 
were added. After dehydration, EtOH (3 mL) and pyridine (0.4 mL) were 
injected successively under argon atmosphere. Then the mixture was 
refluxed at 80 ◦C for 4 h. The reactive mixture was filtered after cooling 
to room temperature. The filter cake was washed with EtOH and dried in 
vacuum to yield Cy-OH as a rufous solid (74 mg, yield 32.8%). 1H NMR 
(400 MHz, DMSO‑d6) δ (ppm) 11.44 (s, 1H), 8.59 (d, J = 6.07 Hz, 2H), 
8.54 (d, J = 1.81 Hz, 1H), 8.41 (d, J = 16.29 Hz, 1H), 8.14 (dd, J =
10.58 Hz, 1H), 7.87 (m, J = 11.55 Hz, 2H), 7.70 (d, J = 16.46 Hz, 1H), 
7.65-7.53 (m, 5H), 7.41 (d, J = 16.40 Hz, 1H), 7.09 (d, J = 8.52 Hz, 1H), 
4.13 (s, 3H), 1.81 (s, 6H). 13C NMR (101 MHz, DMSO‑d6) δ (ppm) 
181.39, 161.22, 153.46, 150.15, 144.56, 143.23, 141.87, 132.53, Scheme 1. Proposed sensing mechanism of Cy-DNBS to thiols.  
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131.31, 128.85, 128.78, 127.10, 126.18, 124.18, 122.79, 120.83, 
117.05, 114.68, 109.77, 51.79, 34.57, 25.66. HRMS-ESI (m/z): Calcd. 
for (C26H25N2O+): 381.1961 (M)+, found 381.1959. 

2.3. Limit of detection (LOD) 

The limit of detection was calculated according to the fluorescence 
titration curve of probe Cy-DNBS in the presence of thiols. We measured 
the fluorescence intensity of Cy-DNBS for 10 times and then calculated 
the standard deviation of blank measurement. The limit of detection was 
calculated according to the following equation:  

LOD = 3σ/k                                                                                         

where σ is the standard deviation of the blank measurement, k is the 
slope between the fluorescence intensity versus thiol concentrations. 

2.4. Cell culture and fluorescence imaging 

HeLa, PC-12 and HUVEC cells were cultured at 37 ◦C in DMEM 
(Gibco, Gland Island, NY, USA) while Du 145 cells were cultured at 
37 ◦C in MEM (Gibco, Gland Island, NY, USA) supplemented with 10% 
fetal bovine serum (Gibco, Gland Island, NY, USA) and 1% penicillin- 
streptomycin in humidified environment of 5% CO2. 

Cytotoxicity was estimated by cell counting kit-8 (CCK-8) assay. 
Firstly, cells were seeded into 96-well plates at 1 × 104/well and 
cultured at 37 ◦C in humidified environment of 5% CO2 for 24 h. Sec-
ondly, different concentrations of probe (0, 1, 2.5, 5, 10, 20 μM) were 
added to wells and cells were incubated for 12 h. Finally, CCK-8 was 
added to each well and incubated for 30 min. The OD450 (absorbance 
value) was recorded by Synergy H4 Hybrid reader (BioTek, USA). 

Cells were seeded on confocal cuvette and allowed to adhere for 12 h. 
For colocalization experiment, cells were incubated with 5 μM Cy-DNBS 
for 30 min. After washed with PBS (2 mL × 2 times), cells were incu-
bated with 250 nM MitoTracker® Green FM for 30 min (or 5 μg/mL 
Hochest 33342 for 10 min). Finally, cell imaging was carried by laser 
confocal scanning microscope (Nikon, Japan) after washed with PBS (2 
mL × 2 times). For endogenous thiol imaging experiment and H2O2 
induce oxidative stress experiment, cells were divided into three groups. 
The first group was untreated. The second group was incubated with 5 
μM Cy-DNBS for 30 min. The last group was pre-treated with 500 μM N- 
phenylmaleimide (or 1 mM H2O2) for 30 min and then incubated with 5 
μM Cy-DNBS for 30 min after washed with PBS (2 mL × 2 times). All 
group were washed with PBS (2 mL × 2 times) before imaging. Emission 

from MitoTracker® Green FM channel, λex = 488 nm, λem = 500–550 
nm; emission from Hochest 33342 channel, λex = 404 nm, λem =

425–475 nm; emission from Cy-DNBS channel, λex = 561 nm, λem =

570–620 nm. 

3. Results and discussion 

3.1. Design and synthesis 

Cyanine derivative was selected as the fluorophore due to its excel-
lent photophysical properties and the positively charged moiety of 
indole ammonium cation for mitochondria targeting. 2,4-dinitrobenze-
nesulfonyl (DNBS) group was modified at the hydroxyl site of the fluo-
rophore as both a thiol responsive group and quencher. Cy-DNBS probe 
was synthesized through a three-step synthesis shown in Scheme 2. 
Structure of all new compounds were characterized by 1H NMR, 13C 
NMR and HRMS (see SI for details). After recognizing thiols, distinct 
fluorescence emission at 604 nm can be detected due to the removal of 
the DNBS group and blockage of PET process. ESI-MS was carried out to 
verify the reaction mechanism. As demonstrated in Fig. S1, Cy-DNBS 
shows a characteristic peak of m/z 611.1594 ([M]+ calcd 611.1595). 
The new peak at m/z 381.1955 assigned to cleavable product Cy-OH 
([M]+ calcd 381.1961) was observed after adding Cys. 

3.2. Spectral responses of Cy-DNBS toward thiols 

With the probe in hand, we first investigated the optical response of 
Cy-DNBS toward thiols in phosphate buffered saline (PBS, 0.01 mM, pH 
7.4 containing 10% DMSO). As shown in Fig. 1A, free Cy-DNBS 
exhibited two absorption maxima around 300 nm and 380 nm belonging 
to the DNBS and cyanine moieties, respectively. The absorption band at 
380 nm disappeared with the addition of thiols, accompanied with the 
appearance of a new absorption band at 545 nm. Cy-DNBS alone dis-
played extremely minimized fluorescence and an obvious fluorescence 
emission signal at 604 nm appeared after interacting with thiols, which 
became stronger with the increasing concentration of thiols (Fig. 1B). 
The fluorescence intensity at 604 nm was linearly proportional to the 
GSH concentration in the range of 0–4 μM with a limit of detection 
(LOD) of 1.38 × 10− 7 M (Fig. 1C). Under the same conditions, Cy-DNBS 
exhibited similar fluorescence responses to Cys and Hcy with LODs of 
1.34 × 10− 7 M and 2.29 × 10− 7 M, respectively (Fig. S2–S3). These 
results illustrated that Cy-DNBS shows excellent sensitivity towards 
thiols. 

Scheme 2. The synthetic route of Cy-DNBS and Cy-OH.  
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Furthermore, we tested time-dependent fluorescence spectra of Cy- 
DNBS with GSH, Cys and Hcy in phosphate buffered saline (PBS, 0.01 
mM, pH 7.4 containing 10% DMSO). As illustrated in Fig. 1D and Fig. S4, 
the fluorescence intensity displays a time-dependent enhancement upon 
addition of 10 eq. GSH/Cys/Hcy. Within the first 2 min, the fluorescence 
intensity enhanced obviously and it took about 8 min to reach equilib-
rium. This indicated that the probe was capable to rapidly respond to 
thiols. 

3.3. Selectivity 

Selectivity is another crucial parameter of fluorescence probe[12]. 
To evaluate the selectivity of Cy-DNBS towards biothiols, we tested the 
response of Cy-DNBS to different biological species, including various 
amino acids and essential ions. Fig. 1E and Fig. S5 show the fluorescence 
intensity of Cy-DNBS towards the tested species. Upon the addition of 
GSH, Cys and Hcy, the fluorescence intensity of Cy-DNBS obviously 
enhanced. However, the emission exhibits a negligible change in the 
presence of other species. The UV–Vis spectra and color change of 
Cy-DNBS after addition of various species were shown in Fig. S6–S7, 
respectively. All these results demonstrated that Cy-DNBS has excellent 
selectivity towards thiols. 

3.4. Effect of pH on response performance 

It was found that the pH value of solution was crucial to the cleavage 
reaction[37]. To explore the effect of pH on our probe, we examined the 
fluorescence responses of 10 μM Cy-DNBS at 604 nm in the absence and 
presence of 100 μM thiols at different pH. Fig. 1F showed that the probe 
itself was stable and underwent negligible change in emission from pH 
2.0 to 11.0. Upon the addition of thiols, no fluorescence enhancement 

could be observed in pH range of 2.0–5.0. However, in pH range of 
5.0–11.0, the fluorescence signal was obviously increased. All these 
demonstrated that Cy-DNBS was suitable for use under physiological 
conditions. 

3.5. Cytotoxicity assay 

Before the application of probe Cy-DNBS in fluorescent imaging in 
living cells, the cellular cytotoxicity of Cy-DNBS to HeLa cells was 

Fig. 1. Photophysical properties of Cy-DNBS. (A) Absorption spectra of Cy-DNBS (10 μM) and Cy-OH (10 μM) in phosphate buffered saline (PBS, 0.01 mM, pH 7.4 
containing 10% DMSO) before and after addition of thiols (100 μM). (B) Fluorescence spectra changes of Cy-DNBS (10 μM) upon addition of different concentrations 
of GSH in phosphate buffered saline (PBS, 0.01 mM, pH 7.4 containing 10% DMSO). (C) Fluorescence intensity at 604 nm as a function of GSH concentration. Insert: 
Linear relationship of fluorescence intensity at 604 nm as a function of GSH concentration, y = 52.758 + 55.524[GSH], with R2 = 0.9932. (D) Changes in fluo-
rescence intensity at 604 nm in the absence and presence of GSH, Cys and Hcy (100 μM) as a function of reaction time, respectively. (E) Fluorescence responses of Cy- 
DNBS (10 μM) to various biological species. 0–31: blank, Naþ (1 mM), Cl¡ (1 mM), HCO3

¡ (1 mM), CH3COO¡ (1 mM), NO2
¡ (1 mM), HPO4

2¡ (1 mM), H2PO4
¡ (1 mM), 

CO3
2¡ (1 mM), Ca2þ (1 mM), SO3

2¡ (1 mM), S2O3
2¡ (1 mM), HSO4

¡ (1 mM), Pro (100 μM), Tyr (100 μM), Met (100 μM), His (100 μM), Trp (100 μM), Ile (100 μM), Gly 
(100 μM), Asn (100 μM), Ala (100 μM), Val (100 μM), Thr (100 μM), Ser (100 μM), Arg (100 μM), Phe (100 μM), Leu (100 μM), Lys (100 μM), GSH (100 μM), Cys 
(100 μM), Hcy (100 μM). (F) Fluorescence intensity changes of Cy-DNBS (10 μM) at 604 nm before and after addition of GSH, Cys and Hcy (100 μM) in phosphate 
buffered saline at different pH. 

Fig. 2. Cell viability values (%) of HeLa cells estimated by cell counting kit-8 
(CCK-8) assay. HeLa cells were cultured with Cy-DNBS and Cy-OH for 12 h. 
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estimated using the standard cell counting kit-8 (CCK-8) assay. As shown 
in Fig. 2, after cultured with different concentrations (0–20 μM) of Cy- 
DNBS and Cy-OH for 12 h, more than 80% of cells remained alive, the 
results exhibited the low cytotoxicity of Cy-DNBS. The CCK-8 assays 
were also conducted in other cells, including Du 145, PC-12 and HUVEC 
cells (Fig. S8). 

3.6. Cell imaging 

Since the indole ammonium moiety of Cy-DNBS owns a positive 
charge, it tends to accumulate in mitochondria through electrostatic 
interactions due to the mitochondrial membrane negative potential[11]. 
To confirm the subcellular distribution of Cy-DNBS, fluorescence 
co-localization experiments were conducted using MitoTracker® Green 
FM, a commercially available mitochondrial specific fluorescent dye. As 
illustrated in Fig. 3, the fluorescence of Cy-DNBS in red channel 
responding to thiols overlaps perfectly with that of the MitoTracker® 
Green FM, with a high Pearson’s correlation coefficient of 0.91. In 
contrast, the fluorescence of probe in red channel overlaps poorly with 
that of Hochest 33342, a commercial blue-fluorescent nucleus dye, with 
a low Pearson’s correlation coefficient of 0.26. In addition, to further 
confirm the mitochondrial targeting ability of the probe, co-localization 
experiments were also conducted in other cancer cells, including Du 145 
(Human prostate cancer cell) and PC-12 cells (rat adrenal chromaffin 
cells) (Fig. S9–S10). Finally, all results are similar with those of HeLa. 
These results strongly indicate that Cy-DNBS has excellent ability to 
target mitochondrial in living cells. 

Inspired by the above advantages, we further validated the ability of 
Cy-DNBS for imaging endogenous thiols in living HeLa cells. As shown 
in Fig. 4, the HeLa cells alone showed no fluorescence. After cultured 
with Cy-DNBS (5 μM) at 37 ◦C for 30 min, the cells displayed distinct red 
fluorescence, owing to the formation of Cy-OH. The results indicated 
that Cy-DNBS could efficiently permeate into cells and react with the 
thiols to produce fluorescence. However, when the cells were pre- 
treated with 500 μM N-phenylmaleimide (NMM, a well-known thiol 
scavenger) for 30 min, followed by incubation with Cy-DNBS (5 μM) for 
30 min, quite weak fluorescence was observed, indicating the 

fluorogenic performance of Cy-DNBS is indeed attributed to the thiol 
interaction. To show the versatile live cell-imaging application of Cy- 
DNBS, fluorescence imaging experiments were also conducted in living 
Du 145 and PC-12 cells (Fig. S11–S12), both of which exhibited similar 
results as HeLa. These results confirmed that Cy-DNBS can be used as a 
powerful tool for bioimaging in various cancer cells. 

Many evidences suggest that mitochondria maintain the cellular 
redox homeostasis and the intracellular thiol levels are related to 
mitochondria oxidative stress[13]. In order to evaluate whether the 
probe Cy-DNBS can detect the fluctuations in thiol levels caused by 
oxidative stress in living cells, we first evaluated the effect of H2O2 on 
responses of Cy-DNBS toward thiols in vitro (Fig. S13). We then 
employed Cy-DNBS to image thiols in living HeLa cells stimulated with 
H2O2. As shown in Fig. 5, compared with those untreated with H2O2, 
HeLa cells pre-treated with H2O2 (1 mM) for 30 min displayed a distinct 
decrease reduced fluorescence emission. These results suggested that the 
reduced thiols concentration is caused by H2O2 consumption or oxida-
tion. Thus, Cy-DNBS can be used as a powerful probe for monitoring 
intracellular thiols fluctuation induced by oxidative stress. 

4. Conclusions 

In summary, we successfully designed and synthesized a cyanine- 
based, mitochondria-targetable fluorescent off− on probe, Cy-DNBS, 
for thiols imaging. The probe used indole ammonium moiety as the 
mitochondrial target site and DNBS group as the fluorescence quencher 
as well as the recognition site. This probe rapidly and selectively 
responded to thiols with high sensitivity over other related biological 
species. In addition, Cy-DNBS demonstrated low cytotoxicity and great 
membrane permeability to living cells, which allowed it to be success-
fully applied in bioimaging. Most importantly, the probe was able to 
image endogenous thiols and efficiently target mitochondria to evaluate 
mitochondrial oxidative stress level induced by H2O2. Consequently, the 
probe has a potential to serve as a powerful tool for monitoring cellular 
thiols and providing insight into biological behavior. 

Fig. 3. Colocalization imaging of living Hela cells. (A) The cells were cultured with MitoTracker® Green FM (250 nM) for 30 min and then cultured with 5 μM Cy- 
DNBS for 30 min. (B) The cells were cultured with Hochest 33342 (5 μg/mL) for 30 min and then cultured with 5 μM Cy-DNBS for 30 min (A1) Emission from 
MitoTracker® Green FM channel, λex = 488 nm, λem = 500–550 nm. (B1) Emission from Hochest 33342 channel, λex = 404 nm, λem = 425–475 nm. (A2, B2) 
Emission from Cy-DNBS channel, λex = 561 nm, λem = 570–620 nm. (A3, B3) Bright-Field image. (A4, B4) Merged image of A1-A3, B1–B3, respectively. (A5, B5) Co- 
localization coefficient (Pearson’s coefficient) of (A1) and (A2), (B1) and (B2), respectively. Scale bar: 50 μm. 
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Fig. 4. Confocal fluorescence images of Cy- 
DNBS responding to endogenous biothiols in 
living HeLa cells. (A) Fluorescence image of 
HeLa cells; (B) Fluorescence image of HeLa 
cells cultured with Cy-DNBS (5 μM) at 37 ◦C 
for 30 min; (C) Fluorescence image of HeLa 
cells pre-treated with N-methylmaleimide 
(NMM, 500 μM) for 30 min followed by in-
cubation with Cy-DNBS (5 μM) at 37 ◦C for 
30 min. First row: bright-field image; second 
row: red channel of 570–620 nm (λex = 561 
nm); third row: merged bright field images 
with red channel images. Scale bar: 50 μm.   

Fig. 5. Confocal fluorescence images of Cy- 
DNBS in living HeLa cells. (A) Fluorescence 
image of HeLa cells; (B) Fluorescence image 
of HeLa cells cultured with Cy-DNBS (5 μM) 
at 37 ◦C for 30 min; (C) Fluorescence image 
of HeLa cells pre-treated with H2O2 (1 mM) 
for 30 min followed by incubation with Cy- 
DNBS (5 μM) at 37 ◦C for 30 min. First row: 
bright-field image; second row: red channel 
of 570–620 nm (λex = 561 nm); third row: 
merged bright field images with red channel 
images. (D) The quantification of fluores-
cence intensity of the (B) and (C) group. 
Scale bar: 50 μm.   
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