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a b s t r a c t 

Cascading reactions in fluorophores accompanied by the replacement of different fluorescence wave- 

lengths can be used to develop luminescent materials and reactive fluorescent probes. Based on multiple 

signal channels, the selectivity of probes can be improved and the range of response to guest molecule 

recognition can be expanded. By regulating the position, number, and activity of active sites in fluo- 

rophores, fluorescent probes that successively react with thiol and amino groups in cysteine (Cys), ho- 

mocysteine (Hcy) have been developed, which can only react with the thiol group of GSH. In this paper, 

we report the first probe capable of cascading nucleophilic substitution reaction with the thiol group and 

amino group of GSH at a single reaction site, and showed the dual-color recognition of GSH, which im- 

proved the selectivity of GSH also was an extension of GSH probes. The probe Rho-DEA was based on a 

TICS fluorophore, and the intramolecular cascade nucleophilic substitution reaction occurs with Cys/Hcy. 

The thiol substitution of the first step reaction with Cys/Hcy was quenched due to intersystem crossing 

to triplet state, so GSH can be selectively recognized from the fluorescence signal. Rho-DEA has the abil- 

ity of mitochondrial localization, and finally realized in situ dual-color fluorescence recognition of GSH in 

mitochondria. 

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Light-induced charge transfer and separation are fundamental 

rocesses in numerous chemical reactions and are widely used in 

he design of fluorescent probes. Photoexcitation induced twisted 

ntramolecular charge shuttle (TICS) is a newly discovered photo- 

nduced charge transfer phenomenon, which refers to the role 

wap of electron donor and electron acceptor after intramolecular 

otation when the dye molecule absorbs photons and transitions 

o the excited state [1] . TICS are ubiquitous in a variety of fluo- 

ophores including BODIPY, rhodamine and coumarin. The TICS flu- 

rophore has the following typical structural characteristics. Taking 

hodamine as the representative fluorophore which is substituted 

ith a tertiary amine at the meso -position, in the ground state, the 

arbon atom at the 10-position of xanthene is in a state of lack 

f electricity, which is prone to nucleophilic substitution reaction. 

fter being excited by light, electrons flow to the 10-carbon, and 

he consequent twist of the meso C-N bond leads to fluorescence 

uenching. TICS fluorophores are excellent candidates for designing 

eactive fluorescent probes based on the nucleophilic substitution 

eaction at the meso site and the concomitant significant fluores- 

ence enhancement [2–5] . 
∗ Corresponding author. 
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Biothiols are the most widely distributed nucleophilic 

olecules in living systems, among which cysteine (Cys), ho- 

ocysteine (Hcy) and glutathione (GSH) mainly exist in cells [6] . 

he concentration of the first two in cells is about 30–200 μmol/L, 

espectively, while the highest content of GSH is concentrated in 

he mitochondria, and the concentration can reach 1–10 mmol/L 

7] . GSH plays a key role in mitochondrial respiration and is used 

o maintain mitochondrial redox balance. GSH also plays an impor- 

ant role in intracellular protein synthesis and metabolism [ 7 , 8 ]. 

etecting and tracking the distribution and content dynamics of 

ntracellular GSH is essential for understanding the redox balance 

nd other physiological states of cells, which has stimulated the 

esearch upsurge of fluorescent probes for intracellular imaging of 

SH [9–13] . 

GSH probes are mainly based on the electrophilicity of thiol or 

mino groups, and are designed by reactions such as nucleophilic 

ddition, nucleophilic cleavage, or ligand exchange [ 9 , 14 , 15 ]. Since

ys and Hcy also contain thiol and amino groups, probes that can 

istinguish GSH from Cys/Hcy have always been a challenge. Niu 

t al . found that the thiol group of Cys or Hcy would first undergo

ucleophilic substitution reaction with BODIPY derivative, and then 

he amino group would undergo intramolecular substitution of 

hiol group. However, due to the long distance between the thiol 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Scheme 1. Reactive fluorescent probes for differentiating GSH/Cys/Hcy using differ- 

ent strategies. 
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Fig. 1. (a) Spectral properties of the probe Rho-DEA (10 μmol/L) in water. (b–d) The 

dual-color fluorescence changes over time after the addition of 100 equiv. GSH in 

0.2 mol/L PB buffer at pH 7.4. 
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roup and the amino group in GSH, this continuous intramolecu- 

ar nucleophilic substitution is difficult to occur ( Scheme 1 a) [16] . 

hiol substituted and amino substituted fluorophores show two 

olors of fluorescence with very different wavelengths, thus effec- 

ively distinguishing GSH from Cys/Hcy. The mechanism by which 

he difference in the distance between the thiol and amino groups 

n the molecule leads to different final thiol or amino substituted 

roducts has been widely used in the design of fluorescent probes 

o distinguish GSH from Cys/Hcy [17–24] . In addition to this single- 

ite cascade reaction, Liu et al . proposed a strategy to simultane- 

usly react with thiol and amino groups at multiple reactive sites 

ithin the probe ( Scheme 1 a), respectively [25] . Depending on the 

osition difference of the reaction site, the conjugated system af- 

er the reaction is different, and different fluorescence channels 

re formed, so as to achieve the effect of distinguishing GSH and 

ys/Hcy. This strategy was subsequently used to design more func- 

ionally enhanced fluorescent probes [26–31] . 

So far, only Cys and Hcy have been found to be able to un- 

ergo a cascade of thiol/amino substitution reactions, sometimes 

ccompanied by the transition from long-wavelength fluorescence 

o short-wavelength fluorescence [17] , while GSH does not have 

his reaction characteristic, so the reported GSH probes show for 

ingle wavelength fluorescence enhancement. 

In this paper, we report the first probe capable of cascading nu- 

leophilic substitution reactions with the thiol and amino groups 

f GSH successively at a single reaction site, and demonstrated 

ual-color recognition of GSH ( Scheme 1 b). The probe Rho-DEA is 

ased on the TICS fluorophore, and the continuous intramolecu- 

ar nucleophilic substitution reaction occurs with Cys/Hcy, while 

he intermolecular nucleophilic substitution reaction occurs with 

SH. Since the intersystem crossing to triplet state of the thiol 

ubstitution in the first step leads to fluorescence quenching for 

ys/Hcy, GSH can be selectively recognized from the fluorescence 

ignals. Due to the excellent membrane permeability and the ac- 

urate mitochondrial localization properties of Rho-DEA itself, also 

rofit from the excellent brightness and photostability of the re- 

ction product with GSH, Rho-DEA can be used for GSH dynamic 

racking in live cell mitochondria. Other four compounds were syn- 

hesized and their fluorescence response with biothiols was stud- 

ed for reference (Scheme S1 in Supporting information). 

The spectral properties of probe Rho-DEA were first investi- 

ated. The maximum absorption in water was about 470 nm while 

he maximum emission was about 550 nm ( Fig. 1 a). Other main 
4944 
pectral properties of Rho-DEA and ethylamine substituted non- 

ICS reference compound Rho-EA in various solvents were summa- 

ized in Table S1 (Supporting information). The TICS-based probe 

ho-DEA has an anti-solvation effect in both the ground state (UV- 

is absorption) and the excited state (emission), which is due to 

he absence of charge separation. In contrast, for Rho-EA, due to 

he presence of an obvious intramolecular dipole, with the increase 

f solvent polarity, the charge transfer is enhanced, and the charge 

eparation is intensified, resulting in a red-shift in both the absorp- 

ion and the emission. From the perspective of quantum yield, TICS 

olecule Rho-DEA exhibits a very low quantum yield ( < 0.01) in 

ost solvents, that is, it is in a dark state, while Rho-EA exhibited 

retty good optical properties in most solvents with high quantum 

ields. 

By testing the spectroscopic properties of Rho-DEA in aqueous 

olutions of different pH, we found that with the increase of ba- 

icity, the maximum absorption of the compound at 470 nm de- 

reased sharply, and a new absorption peak appeared at 400 nm 

Fig. S1a in Supporting information). Correspondingly, the max- 

mum emission intensity at 550 nm decreased, a new emission 

eak appears at 475 nm, and the intensity gradually increased (Fig. 

1b in Supporting information). This change was completely irre- 

ersible, that was, once absorption at 400 nm and emission peak 

t 475 nm appeared upon increase of alkalinity of the solution, 

he original absorption and emission cannot be restored by low- 

ring the pH of the solution. This phenomenon indicated that the 

ompound undergoes irreversible structural changes at this time. 

eanwhile, we noted that the spectra profile in this condition was 

ery close to that of the starting material DMBPN (Fig. S1c in Sup- 

orting information). Combined with spectral properties and HRMS 

nalysis, we proposed that DMBPN was generated when Rho-DEA 

as treated with alkaline conditions. As shown in Fig. S1d (Sup- 

orting information), the meso -C of Rho-DEA was attacked by hy- 

roxyl groups which was abundant herein. Then the diethylamine 

roup as a large sterically hindered leaving group quickly left, re- 

ulting in the stable resonance form DMBPN. This property of the 

robe Rho-DEA in alkaline solution demonstrated its typical TICS 

roperties: The meso site is easily attacked by nucleophiles. Then 

e nest tested its reaction with biothiols in detail. 



W. Liu, J. Chen, Q. Qiao et al. Chinese Chemical Letters 33 (2022) 4943–4947 

m

1

w

a

o

(

t

a

t

t

(

r

T

w

G

w

(

a

c

c

a

q

s

c

r

T

a

o

d

t  

l

s

e

l

i

e  

a

e

d

e

c

f

r

t

w

t

G

s

p  

a

e

R

a

C

s

a  

a  

t

(  

o

4

t

p

Fig. 2. (a) The Gibbs free energy differences between Rho-S(GSH) and Rho-N(GSH) 

for pyronins with different substituents. (b) The fluorescence changes over time af- 

ter mixing Rho-TDEA with 100 equiv. GSH and (c) Rho-DEA with 20 equiv. GSH. 

Probe concentration: 10 μmol/L, PB buffer: 0.2 mol/L, pH 7.4. (d) The process of cas- 

cade reaction of Rho-DEA with GSH. 
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Considering the concentration of GSH in physiological environ- 

ent, we first tested the reaction of the probe Rho-DEA with 

 mmol/L GSH in 200 mmol/L PB buffer. Ref erring to previous work, 

e also initially speculated that the probe Rho-DEA would gener- 

te Rho-S (GSH) accompanied by significant long-wavelength flu- 

rescence. Spectral test showed that when the probe Rho-DEA 

10 μmol/L) was mixed with 100 equiv. GSH (1 mmol/L) for 10 min, 

he UV-vis absorption peak was obviously narrowed, the maximum 

bsorption around 470 nm was slightly reduced, and a new absorp- 

ion peak around 590 nm appeared (Fig. S2 in Supporting informa- 

ion), associating with the appearance of an emission at 613 nm 

 Fig. 1 b). The above spectra profiles were quite similar to that of 

eference compound Rho-SEA (Fig. S3 in Supporting information). 

he new emission band at 613 nm and absorption band at 590 nm 

ere ascribed to the thiol-substituted product of Rho-DEA with 

SH. After 3 h, the emission at 613 nm decreased, while a short- 

avelength emission at 534 nm appeared and increased quickly 

 Fig. 1 c), associated with the increase of a new absorption band 

t 430 nm (Fig. S4 in Supporting information). The solution color 

hanged from bright purple to slightly green. Based on the opti- 

al properties of reference compound Rho-EA, the emission band 

t 534 nm and absorption band at 430 nm belong to the subse- 

uent substitution reaction of amino group in GSH with the thiol- 

ubstituted product (Table S1, Scheme 1 b). From the kinetics of the 

ascade reactions ( Fig. 1 d), the reaction of thiol substitution was 

apid and reached the maximum fluorescence intensity quickly. 

he subsequent amino substitution reaction was slower and was 

ffected by the concentration of GSH, which indicated that the sec- 

nd step was an intermolecular amino substitution reaction. 

However, the previously reported meso - S -substituted pyronine 

erivative Rho-SPhR did not find a nucleophilic substitution reac- 

ion with the amino group of GSH ( Scheme 1 a) [ 18 , 19 ]. We specu-

ate that the reactivity of such molecules is affected by the amino 

ubstituent on xanthene. For a TICS fluorophore, the greater the 

lectron-donating ability of the amino substituent on xanthene, the 

ower the charge deficiency of the meso -C, and the lower reactiv- 

ty. Conversely, reducing the reactivity of the amino substituent 

nhanced the reactivity of the meso -C ( Fig. 2 a). Based on such

 mechanism, we performed calculations on the Gibbs free en- 

rgy difference between S -substituted and N -substituted pyronine 

erivatives with different amino substituents. We found that as the 

lectron-donating ability of the amino substituent on xanthene in- 

reases, (represented by the S -substituted Rho-TDEA), the Gibbs 

ree energy difference decreased, associated with the decreased 

eaction rate. When the concentration of GSH was increased in 

he solution of Rho-TDEA, the products of GSH amino-substitution 

ere indeed found, but the reaction rate was much slower than 

hat of Rho-DEA ( Fig. 2 b). Accordingly, when the concentration of 

SH was reduced in the solution of Rho-DEA, the green fluorescent 

pecie of the amino substituted product was not found in a short 

eriod of time ( Fig. 2 c and Fig. S5 in Supporting information). The

bove results were consistent with the calculations of Gibbs free 

nergy. Finally, the process of nucleophilic substitution reaction of 

ho-DEA with GSH thiol group and then a cascade reaction with 

nother GSH amino group was confirmed ( Fig. 2 d). 

Subsequently, we explored the reaction between Rho-DEA and 

ys. With the presence of a high concentration of Cys, it was ob- 

erved that the absorption peak was significantly narrowed with 

 large blue shift from ∼470 nm to ∼430 nm, and a strong new

bsorption peak at ∼590 nm appeared in 5 min ( Fig. 3 a), while

he fluorescence intensity at 534 nm was significantly enhanced 

48 fold) ( Fig. 3 b). Based on the above results and the spectra

f reference compounds Rho-EA and Rho-SEA, the absorption at 

30 nm and the fluorescence emission at 534 nm were ascribed 

o the product Rho-N(Cys), and the absorption at 590 nm to the 

roduct Rho-S(Cys) with none long wavelength emission. After 
4945 
0 min, the absorption and emission spectra of the solution did not 

hange significantly, and even the maximum emission intensity at 

34 nm was slightly reduced (Fig. S6 in Supporting information). 

uring this process, the S -substituted specie of Rho-DEA with Cys 

as difficult to be observed. This may be due to the extremely 

ast reaction rate of Rho-DEA with Cys thiol group, which can be 

ompleted within tens of minutes (refer to the dynamic study in 

ig. 3 c). When we reduced the concentration of Cys to avoid the 

apid consumption of the stage product Rho-S(Cys), the absorption 

and of S -substituted specie of Rho-DEA with Cys thiol group could 

ot be observed ( Fig. 3 d). The UV-vis absorption at 590 nm showed

 trend of increasing first and then decreasing ( Fig. 3 d), while the

uorescence intensity at 534 nm continued to increase (Fig. S7 in 

upporting information). It means that Rho-S (Cys) has a process of 

eneration, accumulation and further consumption. Therefore, the 

eaction of Rho-DEA with Cys also undergoes the cascade reaction 

rocess with thiol and then amino groups ( Fig. 3 e). 

Unlike the reaction between GSH and Rho-DEA, the thiol 

ubstitution product between Cys and Rho-DEA is fluorescence 

uenched. Our calculations showed that Rho-S(Cys) exhibited 

maller energy gap ( �E ST ) and larger spin-orbit coupling (SOC) be- 

ween the S 1 and the second triplet state ( T 2 ) at the ground state

eometry, which leads to high intersystem crossing probability and 

enerate triplet state species [32] ( Fig. 3 f). As for Rho-N(Cys), al- 

hough it also has a small energy gap ( �E ST ), the spin-orbit cou- 

ling (SOC) between S 1 and T 1 / T 2 is too low to generate triplet 

pecies ( Fig. 3 g). For the same reason, Rho-S (GSH) is also unable

o produce triplet products and thus has strong long-wavelength 

uorescence (Fig. S8 in Supporting information). We conclude that 

he main reason for the fluorescence quenching of the Rho-S (Cys) 

s due to intersystem crossing to triplet state, not a photo-induced 
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Fig. 3. (a–c) The fluorescence changes over time after mixing Rho-DEA with 100 

equiv. Cys. (d) The UV-vis absorption changes over time after mixing Rho-DEA with 

5 equiv. Cys. Probe concentration: 10 μmol/L, PB buffer: 0.2 mol/L, pH 7.4. (e) The 

mechanism of TICS probe Rho-DEA reaction with Cys. (f, g) Calculation of single- 

triplet state energy gap and spin-orbit coupling of (f) Rho-S(Cys) and (g) Rho-N(Cys) 

at their ground state geometries. 
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Fig. 4. (a) Fluorescence intensity changes at 613 nm and (b) 534 nm after mix- 

ing Rho-DEA with 100 equiv. various amino acids in 30 min. Probe concentration 

10: μmol/L, PB buffer: 0.2 mol/L, pH 7.4. (c) Dual-color confocal imaging of HeLa 

cells cultured with 0.5 μmol/L probe Rho-DEA for 4 min and (d) fluorescence inten- 

sity changes during this process. (e) Co-localization imaging of HeLa cells cultured 

with 0.5 μmol/L Rho-DEA for 2 h and then with Mito 549. (f, g) Fluorescence signal 

distribution and the Pearson’s coefficient in (e). 
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lectron transfer (PET) process from Cys amino to the fluorophore 

yronin [18] . 

To further investigate the selectivity of Rho-DEA, we measured 

he fluorescent spectra of Rho-DEA with GSH and 20 various amino 

cids including Cys and Hcy (1 mmol/L). As shown in Figs. 4 a and

, dual color fluorescence was only observed at 613 nm and 534 nm 

imultaneously when GSH was added. The high selectivity of Rho- 

EA to GSH is attributed to the unique cascade reaction with thiol 

nd then amino groups, with the formation of reactive intermedi- 

tes Rho-S and then stable products Rho-N. 

The Rho-DEA can target and enrich in mitochondria selectively 

ecause of the cationic rhodamine scaffold. It has been shown that 

he accumulation of cationic compounds in mitochondria can reach 

he millimole level concentration [ 33 , 34 ]. In our case, Rho-DEA can

ast target to mitochondria and accumulate to a high concentra- 

ion, triggering the localized reaction with GSH in mitochondria 

oth at millimolar level. At such high concentration, the conver- 

ion from Rho-S(GSH) to Rho-N(GSH) by the attack of free GSH 

ould occur rapidly, meanwhile, the effect of other biothiols can 

e negligible due to their low concentration. 

We incubated HeLa cells with Rho-DEA and tracked the fluores- 

ence changes immediately. As shown in Figs. 4 c and d, the fluo- 

escent signals in red channel and green channel appeared rapidly 
4946
fter adding Rho-DEA to cell culture medium. The fluorescence 

ntensity in red channel exhibited increasing first and then de- 

reased, finally quenched completely after 100 min, while the flu- 

rescence intensity of green channel continued to increase until 

chieving a maximum, which was completely consistent with the 

henomenon of the probe reacted with GSH in vitro . It can be seen 

hat the product of the reaction between Rho-DEA and GSH was 

rominent in mitochondria. By colocalization experiments with the 

ommercial mitochondria probe Mito-549, it is observed that Rho- 

 (GSH) was mainly distributed in mitochondria, the fluorescence 

ignals of two probes were well overlapped with a Pearson’s coeff. 

f 0.93 ( Figs. 4 e–g). In addition, the changes of fluorescent signal 

uring the incubation of Rho-DEA also reflected the redox states in 

itochondria. 

In conclusion, we report a TICS probe, Rho-DEA, which selec- 

ively recognizes GSH with dual-color fluorogenicity, which can be 

sed in the tracking of glutathione dynamics and redox balance 

ynamics in cellular mitochondria. 
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