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a b s t r a c t

Homocysteine (Hcy), cysteine (Cys) and glutathione (GSH) play crucial roles in redox homeostasis dur-

ing mitochondria functions. Simultaneous differentiation and visualization of mitochondrial biothiols dy-

namics are significant for understanding cell metabolism and their related diseases. Herein, a multisite-

binding fluorescent probe (MCP) was developed for simultaneous sensing of mitochondrial Cys, GSH and

Hcy from three fluorescence channels for the first time. This novel probe exhibited rapid fluorescence

turn-on, good water-solubility, high selectivity and large spectral separation for discriminating Cys, GSH

and Hcy with 131-, 96-, 748-fold fluorescence increasement at 471, 520, 567 nm through different exci-

tation wavelengths, respectively. Importantly, this probe was successfully applied to simultaneous mon-

itoring of mitochondrial Cys, GSH, and Hcy in live cells and zebrafish from three fluorescence channels,

promoting the understanding of the functions of Hcy, Cys and GSH.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biothiols, such as cysteine (Cys), glutathione (GSH) and homo-

cysteine (Hcy), are involved in a variety of physiological and patho-

logical processes in complex biological environments [1–3]. Mi-

tochondria as dynamic organelle are the central factory to pro-

duce ATP, reactive species, as well as exhibits biological roles in

antioxidant activities [4,5]. Recent studies have revealed that mi-

tochondria dysfunction is the root cause of many diseases, such

as Alzheimer’s disease, Parkinson’s disease, due to the imbalanced

redox homeostasis [6–9]. Nevertheless, Cys and GSH as the most

abundant low molecular weight biothiols in biosystems (Cys: 30–

200 μmol/L, GSH: 1–10 mmol/L in cells, respectively), play critical

roles in maintaining cell functions [10–14]. On the other hand, Hcy

is served as the substrate for the biosynthesis of Cys and GSH [15],

and exhibits different physiological function from Cys/GSH, which

could cause oxidative damage to cells [16]. Hence, it is of great

value to simultaneously monitor mitochondrial Cys, GSH and Hcy

dynamics for understanding their related physiological and patho-

logical processes.

Recently, multi-signal fluorescent probes, which could simulta-

neously differentiate multiple biologically related species, have at-

tracted great attention for tracing cellular dynamics, metabolism
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and biosynthesis events [2,17]. Pioneered by Guo’s work [18], sev-

eral coumarin-based fluorescent probes have been developed to

simultaneously differentiate Cys/GSH/Hcy from different fluores-

cence channels with good sensitivity and good specificity [2,19–

26]. Though a lot of fluorescent probes for visualizing Cys or GSH

in mitochondria have been reported [27–34], monitoring mito-

chondrial Hcy is very rare. In our previous work, two fluorescent

probes (named BCC and 1, respectively, Scheme S2 in Supporting

information) with multi-binding sites were developed for simulta-

neous sensing of Cys, Hcy, and GSH through different fluorescence

channels [35,36]. However, the two fluorescent probes based on 2-

(benzothiazol-2-yl)acetonitrile or cyanoacetate group showed mod-

erate water solubility and poor organelle targeted property, which

are not specific to monitor mitochondrial Cys/Hcy/GSH. Thus, flu-

orescent probes for simultaneously discriminating and visualizing

mitochondrial Hcy, Cys and GSH could provide new perspectives

for the research of mitochondrial functions, as well as promote

molecular imaging in chemical biology.

Encouraging by our previous findings [35,36], we de-novo de-

signed a novel fluorescent probe MCP with multi-binding sites

for simultaneous visualization of mitochondrial Cys, GSH and Hcy

(Scheme 1). Probe MCP was rationally designed with three po-

tential reaction sites: n-butylthio group in the 4-position of the

coumarin (site 1) for specific nucleophilic substitution between

probe and Cys/GSH/Hcy; the α,β-unsaturated C=C bond (site 2)
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Scheme 1. The structure of probe MCP and the proposed mechanism for sensing of

Cys, Hcy and GSH with probe MCP.

Fig. 1. (a) Absorption spectra of probe MCP (10 μmol/L) upon addition of 10

equiv. of Cys/GSH/Hcy (100 μmol/L) at 25 °C for 20 min. (b) The correspond-

ing fluorescence spectra of probe MCP to 10 equiv. of Cys (λex = 375 nm), GSH

(λex = 430 nm), and Hcy (λex = 470 nm). Condition: DMSO-PBS (pH 7.4, 10 mmol/L,

2/8 (v/v)). Slit (nm): 2.5/2.5.

for Michael-addition or amino addition, and the cyano group (site

3) for amino addition (a ten-membered ring fluorophore would be

formed for Hcy). Thus, biothiols-induced substitution-cyclization

cascade reactions would enable the simultaneous discrimination

of Cys, GSH and Hcy via different emission channels. Further-

more, N,N-dimethyl propionate substituents in the coumarin fluo-

rophore could enhance lipophilicity for plasma membrane penetra-

bility [37]. The methylpyridinium unit was served as an excellent

hydrophilic moiety as well as a mitochondria-targeted group [38].

Featured with these superiorities, this novel probe MCP exhibited

rapid fluorescence turn-on for simultaneous differentiation of Cys

(λex/λem = 375/471 nm), GSH (λex/λem = 430/520 nm) and Hcy

(λex/λem = 470/567 nm) with large spectral separation, high selec-

tivity, high sensitivity, and good water-solubility. Furthermore, this

probe has been successfully applied to the simultaneous fluores-

cence imaging of mitochondrial Cys, GSH and Hcy in live cells and

zebrafish, which will greatly promote the understanding of mito-

chondrial functions related to Cys/GSH/Hcy.

Initially, the synthesis of probe MCP was outlined in Scheme

S1 (Supporting information). Detailed methodology and spectro-

scopic data were provided in the ESI (Scheme S1, Figs. S14–S16

in Supporting information), and its spectral properties for sensing

of Cys, GSH and Hcy were carefully conducted via UV-vis spec-

troscopy and fluorescence spectroscopy in DMSO-PBS buffer (10

mmol/L, 2/8 (v/v)). As shown in Fig. 1, the maximum absorption

spectra of probe MCP exhibited hypsochromic shift from 502 nm to

375, 430 and 470 nm upon addition of Cys, GSH and Hcy, respec-

tively. Under different excitation wavelengths (λex = 375 nm for

Cys; λex = 430 nm for GSH and λex = 470 nm for Hcy), this probe

showed significant fluorescence turn-on responses for discriminat-

Fig. 2. Fluorescence intensity spectra of probe MCP (10 μmol/L) in the presence of

(a) 0–30 μmol/L Cys excited at 375 nm, (c) 0–18 μmol/L GSH excited at 430 nm,

(e) 0–18 μmol/L Hcy excited at 470 nm, respectively. The linear changes of the flu-

orescence intensities of probe MCP at 471, 520 and 567 nm and as a function of (b)

Cys, (d) GSH and (f) Hcy concentrations, respectively. Condition: DMSO-PBS (pH 7.4,

10 mmol/L, 2/8 (v/v)) at 25 °C for 20 min. Slit (nm): 2.5/2.5.

ing Cys, GSH and Hcy along with 131-, 96-, 748-fold fluorescence

increasement at 471, 520, 567 nm, respectively. As expected, this

novel probe could selectively detect Cys, GSH and Hcy from dis-

tinct emission channels with large spectral separation (�λ ∼ 50

nm, Fig. 1), which were further supported by the time dependent

UV-vis spectroscopy and fluorescence spectroscopy (Figs. S1–S7 in

Supporting information). Probe MCP also displayed well-defined

fluorescence profiles with good water solubility, moderate quan-

tum yield (ФMCP-Cys = 3.4%, ФMCP-GSH = 6.4%, ФMCP-Hcy = 24.2% in

DMSO-PBS buffer (2/8, v/v)) and favorable photostability for sens-

ing Cys, GSH and Hcy (Fig. S8 in Supporting information). Thus,

this probe can simultaneously discriminate Cys, GSH and Hcy from

three emission channels under different excitation wavelengths.

Based on the proposed mechanisms of biothiols-induced

substitution-cyclization cascade reactions (Scheme 1, Figs. S17–S19

in Supporting information), three fluorescent products with dis-

tinct photophysical properties could be obtained after the reac-

tion between probe MCP with Cys, GSH and Hcy respectively. Thus,

probe MCP is capable to detect Cys, GSH and Hcy from three emis-

sion channels (Scheme S3, Figs. S17−S19 in Supporting informa-

tion). In order to clarify that probe MCP has the capability to detect

Cys/Hcy/GSH specifically, the selectivity of probe MCP over other

biologically related species including various amino acids, reactive

sulfur species, reactive oxygen species and ions was further inves-

tigated. The fluorescence intensities of probe MCP were only sig-

nificantly increased upon the addition of Cys/GSH/Hcy under the

excitement at 375, 430 and 470 nm, respectively. No obvious flu-

orescence enhancement could be observed to a series of other bi-

ologically related species (Fig. S9 in Supporting information). We

also found that probe MCP could selectively detect Cys, GSH and

Hcy from the mixture of Cys/GSH/Hcy using specific fluorescence

channels (Fig. S10 in Supporting information). Next, the fluores-
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Fig. 3. Confocal fluorescence imaging of Cys, GSH, and Hcy in HepG2 cells. Cells

were pretreated with NEM (0.1 mmol/L) for 30 min, then incubated with probe MCP

(5 μmol/L) for 30 min (A1–A4). Cells were pretreated with NEM (0.1 mmol/L) for

30 min, subsequently incubated with Cys/GSH/Hcy (250 μmol/L, 30 min), respec-

tively, and finally incubated with probe MCP (5 μmol/L) for 30 min (B1–D4). The

cells were incubated with probe MCP (5 μmol/L) for 30 min, then imaged (E1–E4).

λex = 405 nm, λem = 420–475 nm for the blue channel; λex = 458 nm, λem = 490–

530 nm for the green channel; and λex = 488 nm, λem = 550–620 nm for the red

channel. Scale bar: 25 μm. For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.

cence titration experiments of probe MCP toward Cys, GSH and

Hcy were conducted respectively, and the fluorescence of probe

MCP increased linearly with the concentrations of biothiols: 0−30

μmol/L for Cys, 0−18 μmol/L for GSH and Hcy, respectively (Fig. 2).

Furthermore, the detection limits were calculated to be as low as

27.3, 45.9, 13.7 nmol/L for Cys, GSH and Hcy, respectively, indicat-

ing that probe MCP is highly sensitive for these thiols. Therefore,

probe MCP has the potential to be applied to discriminate and flu-

orescence image of Cys, GSH, and Hcy from three emission chan-

nels in vitro and in vivo.

Subsequently, simultaneous visualization of endogenous Cys,

GSH and Hcy in live cells and zebrafish using probe MCP was per-

formed. Probe MCP showed minimum cytotoxicity to HepG2 cells

within 24 h (Fig. S11 in Supporting information). When cells were

pretreated with N-ethylmaleimide (NEM, a scavenger of biothiols)

and successively incubated with Cys/GSH/Hcy and probe MCP re-

spectively, specific and robust fluorescence was observed in blue,

green and red fluorescence channels, respectively (Fig. 3 (A1−D4)).

These results have well demonstrated that simultaneous fluores-

cence imaging of Hcy, Cys and GSH could be achieved with high

selectivity. As expected, live cells were simultaneously exhibited

bright blue, green and red fluorescence after incubation with probe

MCP, indicating that it was realized for the simultaneous fluores-

cence imaging of endogenous Cys, GSH and Hcy (Fig. 3 (E1−E4)).

Moreover, this probe could be also applied to visualize endogenous

Cys, GSH and Hcy in zebrafish (Fig. 4). To further confirm that

probe MCP has the capacity for targetable detection of biothiols

in mitochondria, the live cells were co-incubated with probe MCP

and Mito-Tracker Red. The strong fluorescence signals of probe

MCP colocalized well with that of Mito-Tracker Red in mitochon-

dria (Pearson’s coefficient: blue for Cys: 0.85; green for GSH: 0.75,

and red for Hcy 0.91 respectively), which demonstrated that probe

MCP was well-stained in mitochondria for simultaneous sensing of

Cys, GSH and Hcy (Fig. 5). These data suggested that probe MCP

is powerful for fluorescence imaging of mitochondrial biothiols in

living cells and zebrafish, possessing valuable applications for ex-

Fig. 4. Confocal fluorescence imaging of Cys, GSH, and Hcy in 2-day-old zebrafish.

Zebrafish were pretreated with NEM (200 μmol/L) for 30 min and then incubated

with probe MCP (5 μmol/L) for 60 min (A1–A4). Zebrafish were treated with probe

MCP (5 μmol/L) for 60 min, then imaged (B1–B4). λex = 405 nm, λem = 420 –

475 nm for the blue channel; λex = 458 nm, λem = 490–530 nm for the green

channel; and λex = 488 nm, λem = 550–620 nm for the red channel. Scale bar:

0.5 mm. For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.

Fig. 5. Co-localization confocal fluorescence imaging of Cys, GSH and Hcy in HepG2

cells using probe MCP and Mito-Tracker Red. The cells were incubated with probe

MCP (5 μmol/L) and Mito-Tracker Red (200 nmol/L) for 30 min at 37 °C, then im-

aged. (A) Blue channel for Cys, (B) green channel for GSH, (C) red channel for Hcy,

(D) purple channel for Mito-Tracker Red. (E–G) Represent the overlay images of (A)

and (D), (B) and (D), (C) and (D), respectively. (H) Represents the overlay images

of (A–D). λex = 405 nm, λem = 420–475 nm for the blue channel; λex = 458 nm,

λem = 490–530 nm for the green channel; λex = 488 nm, λem = 550–590 nm for

the red channel; λex = 561 nm, λem = 600–650 nm for the purple channel. Scale

bar: 10 μm. For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.

ploring the root causes of diseases related to mitochondrial thiols

dynamics.

In summary, through the introduction of N,N-dimethyl propi-

onate substituents and methylpyridinium moiety in coumarin flu-

orophore, a novel multisite-binding fluorescent probe MCP has ra-

tionally exploited for simultaneous discrimination of Cys, GSH and

Hcy from different fluorescence channels with good water solubil-

ity, high selectivity, high sensitivity, and large spectral separation.

Probe MCP was successfully applied to fluorescence image mito-

chondrial Cys, GSH, and Hcy simultaneously in live cells and ze-

brafish from three different emission channels for the first time.

This novel fluorescent probe MCP possesses the potential for mon-

itoring mitochondrial Cys, GSH and Hcy in biological system, and

greatly promoting our understanding about mitochondrial func-

tions related to biothiols dynamics.
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