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Abstract 

Ferroptosis is a type of lipid peroxidation-induced apoptosis brought on by 

imbalances in iron metabolism and redox. It involves both the thiol-associated anti-

ferroptosis pathway and the excessive buildup of reactive oxygen species (ROS), which 

stimulates the ferroptosis pathway. Determining the precise control mechanism of 

ferroptosis requires examining the dynamic connection between reactive sulfur species 

(RSS) and ROS. Cysteine (Cys) and peroxynitrite (ONOO-) are highly active redox 

species in organisms and play dynamic roles in the ferroptosis process. In this study, a 
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coumarin dye was conjugated with specific response sites for Cys and ONOO-, enabling 

the simultaneous detection of Cys and ONOO- through the green and red fluorescence 

channels, respectively (λem = 498 nm for Cys and λem = 565 nm for ONOO-). Using the 

probe LXB, we monitored the changes in Cys and ONOO- levels in the ferroptosis 

pathway induced by erastin. The results demonstrate a significant generation of ONOO- 

and a noticeable decrease in intracellular Cys levels at the beginning upon erastin 

treatment and finally maintains a relatively low level. This study presents the first probe 

to investigate the intracellular redox modulation and control between Cys and ONOO- 

during ferroptosis, providing valuable insights into the potential mutual correlation 

between Cys and ONOO- in this process. 

Keywords: fluorescent probe; dual-channel; Cys and ONOO-; ferroptosis 

1. Introduction 

Ferroptosis as a unique process of cell death, is a classic symptom of redox 

imbalance [1]. It also involves complex molecular mediation mechanisms, such as iron 

accumulation, lipid peroxidation, amino acid metabolism, system Xc̅, and glutathione 

peroxidase4 (GPX4) [2-4]. The regulatory mechanism of ferroptosis is also extremely 

complex, and its regulatory mechanism depends on ROS and RSS [5,6]. Among them, 

ONOO- can be endogenously produced by coupling superoxide anions (O2
-) and nitric 

oxide (NO) radicals [7-9]. It has strong oxidizing properties and can participate in many 

pathological processes [10-12]. High concentrations of ONOO- and imbalanced iron 

metabolism can lead to lipid peroxidation, resulting in cellular iron toxicity, ultimately 

leading to ferroptosis [13]. Cys, as one of the most abundant and important biological 

thiols in living organisms, is also common in many physiological processes [14-16]. 

Cys serves as a precursor to glutathione (GSH), GSH can be produced through the 

cysteine/glutamate reverse transporter protein (system Xc̅ ) [17-20]. And GSH, by 

maintaining the reactivity of GPX4, can prevent lipid peroxidation and serve as a key 

regulatory factor for ferroptosis [21-24]. Thus, Cys has been applied as one of the 

important metabolites for detecting ferroptosis [25]. Nowadays, there are some 

common ferroptosis inducers on the market that disrupt the body's redox balance by 
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interfering with Cys levels or reactive ONOO-, thereby promoting ferroptosis [26-29]. 

The conclusion can be drawn that Cys and ONOO- play critical and interconnected roles 

in the development and redox regulation of ferroptosis. Therefore, further investigation 

into the regulatory mechanisms and pathological functions of ferroptosis presents 

significant challenges. Moreover, developing an efficient method for detecting Cys and 

ONOO- in biological systems holds great significance. 

Real-time visualization of Cys and ONOO- and the detection of their respective 

changes using a fluorescent probe is an efficient and convenient approach for exploring 

the modulation process [30-34]. While existing probes for Cys and ONOO- detection 

in ferroptosis have been reported [35-41], the use of a dual-functional probe would 

overcome the limitations of using two separate probes, such as potential spatiotemporal 

inhomogeneous distribution and cross-interference. Over the past few years, several 

fluorescent probes with dual response sites for ROS/RSS (GSH and H2O2, •OH and 

Cys, GSH and ONOO-) have been developed for studying oxidative stress in ferroptosis 

[42-44]. However, the correlation between the involvement of Cys and ONOO- 

mechanisms in ferroptosis has not been reported. 

In view of the aforementioned circumstances, a probe capable of visualizing redox 

processes in cells between Cys and ONOO- must fulfill three prerequisites: (1) The 

probe should exhibit distinct fluorescent responses towards Cys and ONOO-; (2) The 

respective fluorescent responses should be independent of each other; (3) Sufficient 

sensitivity is required to detect endogenous levels. Considering these criteria, a 

coumarin-based dual-site probe LXB was designed to meet our needs (Scheme 1). This 

probe featured a selective Cys-reactive group that activated α, β-unsaturated double 

bonds, and an ONOO- reactive group that activated 4-bromomethyl phenylborate, 

resulting in a multifunctional probe. Upon response to Cys and ONOO-, the green 

fluorescence increased and the red fluorescence quenched, leveraging distinct 

fluorescence channels (λem=498 nm, λex=445 nm for Cys; λem=565 nm, λex=470 nm for 

ONOO-) to selectively visualize Cys and ONOO-. Furthermore, cell imaging 

experiments demonstrated the effective application of LXB as a bioimaging 

chemosensor for exploring the mutual correlation between Cys and ONOO- in 
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ferroptosis. With the assistance of LXB, we revealed the flux of ONOO- and a decrease 

in Cys simultaneously during erastin-induced ferroptosis and eventually maintained at 

a relatively low level. 

 

Scheme 1. Design principle of probe LXB. 

2. Experimental section 

2.1 Synthesis  

Scheme 2 outlines the synthesis process for the probe LXB, which has been 

verified by 1H NMR, 13C NMR, and HRMS (Figures S1-S7). Compound 1 and 

compound 2 was synthesized according to the reported literature [45-46]. 

K2CO3 (242 mg, 1.66 mmol) was added to a stirred solution of compound 2 (300 

mg, 0.82 mmol) and 4-bromomethylphenylboronic acid pinacol ester (490 mg, 1.66 

mmol) in acetone (20 mL). The resulting solution was refluxed at 60℃ for 5 h in the 

sealed pressure vessel. TLC plate was used to track the reaction. Following the sample's 

cooling to ambient temperature and solvent removal under reduced pressure, the sample 

was purified using a silica gel flash column with an eluent mixture of petroleum ether 

and ethyl acetate (30:1-10:1, /v /v) to get probe LXB as an orange solid (261 mg, yield 

55%). 1H NMR (400 MHz, DMSO-d6) δ 8.58 (s, 1H), 7.85 (d, J = 15.8 Hz, 1H), 7.72 – 

7.63 (m, 6H), 7.47 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 8.8 Hz, 2H), 6.81 (d, J = 6.6 Hz, 

1H), 6.61 (d, J = 2.3 Hz, 1H), 5.22 (s, 2H), 3.50 (q, J = 7.0 Hz, 4H), 1.30 (s, 12H), 1.20 

– 1.14 (m, 6H). 13C NMR (101 MHz, DMSO-d6) δ 185.86, 160.60, 160.41, 158.63, 

153.38, 148.72, 142.38, 140.56, 135.06, 132.76, 130.71, 128.22, 127.34, 123.21, 116.15, 

115.87, 110.64, 108.35, 96.35, 84.16, 69.61, 44.92, 25.14, 12.83. HRMS（ESI） m/z 

for ([C35H38BNO6]+H)+: calcd: 580.2871, ([C35H38BNO6]+H)+ found: 580.2864. 
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Scheme 2. Probe LXB synthetic route. 

2.2. Theoretical calculations 

All the simulation calculations were carried out with Gaussian 16 program 

package. The geometry optimization and electronic structure natures of probe and 

product at the level of B3LYP-GD3(BJ)/6-311G** have been evaluated. The implicit 

solvent model SMD was used, with water as the solvent. Time-dependent density 

functional theory (TD-DFT) calculations were performed based on the optimized 

molecular structure at the B3LYP-GD3(BJ)/6-311G** level [47]. 

2.3. Cell fluorescence imaging 

HepG2 cells and LXB (10 μM) were co-incubated for 30 min. The fluorescence 

images were obtained on a confocal laser scanning microscope (OLYMPUS FV3000). 

λex= 405 nm, λem= 460-500 nm (green channel), λex= 488 nm, λem= 560-660 nm (red 

channel). 

2.4. Ferroptosis imaging experiment 

HepG2 cells were treated with 10 μM probe LXB for 30 min, ang then treated with 

10 μM erastin or 10 μM erastin and 15 μM Fer-1 for various times (0-2 h). 

3. Results and discussion 

3.1. Design of probe 

The probe LXB comprises a coumarin fluorophore as the fluorescence reporter, 

along with a selective Cys-reactive group that activates α, β-unsaturated double bonds, 

and an ONOO- reactive group that activates 4-bromomethyl phenylborate. Initially, 

LXB exhibits red fluorescence due to modifications of the coumarin dyes and an 

increase in conjugation. Upon reacting with Cys, a corresponding intermediate 
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thioether rapidly forms by the addition of the sulfhydryl functionality of Cys as the 

nucleophile to the α, β-unsaturated carbonyl moiety. This process releases a new 

fluorescent dye with strong green fluorescence, exhibiting a blue shift in fluorescence. 

4-bromomethyl phenylborate is chosen as the response site for ONOO- due to its rapid 

reaction rate under mild conditions, as well as its highly selective recognition for 

ONOO- [48-50]. Upon reacting with ONOO-, the activated 4-bromomethyl 

phenylborate is subsequently oxidized. This oxidation, coupled with the stronger 

electron withdrawing ability of -OH, leads to the formation of a strong “push-pull” 

system in the excited state via the ICT effect. Consequently, the absorption wavelength 

experiences a red shift, and the fluorescence is quenched. 

3.2. Mechanism 

The mechanism of detecting Cys and ONOO- using probe LXB was then 

investigated through HRMS assay, high-performance liquid chromatography (HPLC) 

and density functional theory (DFT) calculations. The HRMS data of the reaction 

product of LXB with Cys and ONOO- clearly showed a peak at 701.3040, 

corresponding to LXB-Cys (HRMS, calculated for [M+H]+ 701.3069), and a peak at 

386.1405, corresponding to compound 2 (HRMS, calculated for [M+Na]+ 386.1465) 

(Figure 1A). Besides, we utilized a triple quadrupole liquid chromatograph mass 

spectrometer for analyzing the reaction process and final products. The mobile phase 

of the reversed-phase column employed in the experiment consisted of CH3CN: H2O 

(4:1, v/v) (Figure S8A). The HPLC chromatogram illustrates a retention time of 9.10 

min for LXB, corroborated by the appearance of the 580.2 peak attributed to probe 

LXB (M+H)+ in the HRMS diagram (Figure S8B). Upon addition of Cys to the probe 

LXB, the peak intensity of the probe diminished at 9.11 min, giving rise to a new peak 

at 1.48 min, with the appearance of the 723.2 peak attributed to LXB-Cys (M+Na)+. 

Furthermore, upon addition of ONOO- to the probe LXB, the 9.10 min peak vanished, 

replaced by a new peak at 1.45 min, accompanied by the appearance of the 364.1 peak 

attributed to LXB-ONOO- (M+H)+ in the HRMS diagram (Figure S8C). These results 

align with our hypothesized mechanism, confirming its validity. 
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Figure 1. (A) HRMS data of LXB-Cys and LXB-ONOO-; (B) TD-DFT calculation 

result of LXB-Cys, LXB and LXB-ONOO-: energy gap, HOMO, and LUMO. 

Furthermore, the electrons of probe LXB were found to be delocalized across the 

coumarin molecular skeleton on both the lowest unoccupied molecular orbital (LUMO) 

and the highest occupied molecular orbital (HOMO). In the presence of Cys, the 

conjugate structure of the probe changed, resulting in stronger fluorescence. This was 

because the energy gaps of LXB-Cys (3.10 eV) were larger than those of LXB (2.88 

eV). On the other hand, the frontier molecular orbital map revealed that probe LXB- 

ONOO- had a delocalized electron cloud, with the electron distribution shifting from 
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the HOMO of the -OH group to the LUMO of the N-ethyl-N-methylethanamine group 

after excitation. This indicated strong migration of intramolecular charge transfer 

properties (ICT), leading to fluorescence quenching. The energy gaps of LXB- ONOO- 

(2.29 eV) were lower than those of LXB (2.88 eV). This was consistent with the blue 

shift observed in the UV-vis spectra of LXB treated with Cys and the red shift observed 

in LXB treated with ONOO- (Figure 1B). Additionally, time-dependent density 

functional theory (TD-DFT) calculations were performed. The results, based on the 

optimized structure, showed that the absorbance maximum of LXB (470 nm), LXB-

Cys (465 nm), and LXB-ONOO- (505 nm) matched relatively well with the calculation 

results of LXB (457 nm, f = 1.46), LXB-Cys (402 nm, f = 0.39), and LXB-ONOO- 

(524 nm, f = 1.02) (Figures S9-S11). 

3.3 UV-vis and fluorescence spectra experiments  

Initially, we conducted tests to determine the ability of the probe LXB to detect 

Cys and ONOO- in a solution of DMF/H2O (4/6, v/v). When LXB (10 μM) was used 

without any other substances, it exhibited a weak absorption peak at 350 nm and a 

strong absorption peak at 470 nm (Figure 2A). As the concentration of Cys (0-60 equiv) 

increased, the absorption peaks gradually decreased, and a slight blueshift from 470 to 

465 nm was observed. Additionally, the addition of ONOO- (0-10 equiv) resulted in a 

gradual decrease of the strong absorption peak at 470 nm and the emergence of a new 

peak at 505 nm, indicating a change in the molecular structure from LXB to compound 

2 after ONOO- (Figure 2B). 

 

Figure 2. (A) as Cys (0-60 equiv) increases probe LXB (10 μM) changes in the UV-vis 
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absorption spectra. (B) as ONOO- (0-10 equiv) increases; probe LXB (10 μM) changes 

in the UV-vis absorption spectra. In DMF: H2O (4/6, v/v). 

Furthermore, by including varying concentrations of Cys (0-60 equiv) in the probe 

solution and exciting it at 445 nm, we observed a gradual enhancement of fluorescence 

at 498 nm and a gradual decrease in fluorescence intensity at 565nm. The isoemissive 

point was found to be 544 nm (Figure 3A). There was a clear linear relationship between 

the fluorescence intensity ratio (F498 nm/F565 nm) and the concentration of Cys (Figure 3C) 

with a strong correlation (R2 = 0.9968). Using the formula DL=3 σ/k, we calculated the 

detection limit to be 1.31 μM. 

 

Figure 3. These are the fluorescence spectra of the following: (A) probe (10 μM) and 

Cys (0-60 equiv); (B) probe (10 μM) and ONOO- (0-10 equiv); (C) fluorescence 

intensity ratio (F498 nm/F565 nm) and the concentration of Cys (0-60 equiv); (D) probe (10 

μM) and ONOO- (0-10 equiv) at 565 nm.  Cys channel：λex = 445nm，λem = 498 nm，

slit = 2/2 nm. ONOO- channel：λex = 470 nm，λem = 565 nm，slit = 2/2 nm. 

Similarly, when we included varying concentrations of ONOO- (0-10 equiv) in the 

probe solution and excited it at 470 nm, we observed a gradual quenching of 

https://www.sciencedirect.com/topics/chemistry/fluorescence-intensity
https://www.sciencedirect.com/topics/chemistry/fluorescence-intensity
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fluorescence at 565 nm (Figure 3 B). Again, there was a linear relationship between the 

emission intensity and the concentration of ONOO- at a wavelength of 565 nm (Figure 

3D) with a strong correlation (R2 = 0.9741) (Figure 3D), and the detection limit was 

calculated to be 3.89 μM. These results indicate that LXB can effectively detect Cys 

and ONOO- with high sensitivity through different excitation and emission channels. 

Next, we systematically analyzed the reaction time spectra of LXB with Cys and 

ONOO-. Under 445 nm excitation, the fluorescence intensity gradually increased at 498 

nm upon introducing Cys (60 equiv) to LXB (10 μM) and eventually reached a plateau 

after 25 min (Figure S12A). Similarly, when excited at 470 nm, the probe exhibited 

intense fluorescence at 565 nm. Upon introducing ONOO- (10 equiv) to LXB (10 μM), 

the fluorescence intensity gradually decreased at 565 nm and eventually reached a 

plateau after 10 min (Figure S12B). These results indicate that LXB can rapidly detect 

Cys and ONOO- through different emission channels (λem=498 nm, λex=445 nm for Cys; 

λem=565 nm, λex=470 nm for ONOO-). 

3.4 Selective and interfering experiments 

 

Figure 4. Selectivity and anti-interference fluorescence spectra of probes. (4A, 4C) 
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Probe LXB (10 μM) and Cys (60 equiv) and others ions (60 equiv) and S2- (20 equiv); 

(4B, 4D) Probe LXB (10 μM) and ONOO- (10 equiv) and others ions (10 equiv). Other 

detecting substance: Na+, K+, Al3+, Cu2+, Fe2+, Zn2+, Fe3+, Cr3+, Pb2+, Mg2+, Hcy, GSH, 

HSO3
-, S2-, HCO3

-, SO3
2-, ClO-, 1O2, H2O2, ·OH, HNO, NO. 

We performed experiments on Cys and ONOO- using different ions (Na+, K+, Al3+, 

Cu2+, Fe2+, Zn2+, Fe3+, Cr3+, Pb2+, Mg2+, Hcy, GSH, S2-, HSO3
-, HCO3

-, SO3
2-, ClO-, 1O2, 

H2O2, ·OH, HNO, NO) to further investigate the selective recognition and anti-

interference capabilities of the probe LXB. The addition of other ions to LXB at 498 

nm has no effect on the fluorescence intensity of Cys at 498 nm (Figure 4A, 4C). 

Meanwhile, it reveals that adding ONOO- and other ions to probe does not affect the 

fluorescence intensity of ONOO- at 565 nm (Figure 4B, 4D). It indicates that the probe 

has high selectivity and anti-interference ability towards Cys and ONOO- in different 

emission channels. 

3.5 The influence of pH and MTT 

Considering the crucial role of pH in the cellular microenvironment, we also 

examined the impact of the probe on Cys and ONOO- under varying pH conditions. We 

tested the fluorescence intensity of LXB (10 μM) at different pH values. As depicted in 

Figure 5A, the addition of Cys (60 equiv) to LXB (10 μM) resulted in an increase in 

fluorescence intensity at 498 nm within the pH range of 6-8. In contrast, the 

fluorescence intensity of the probe (10 μM) at 565 nm decreased at pH 6-8 after adding 

ONOO- (10 equiv), as illustrated in Figure 5B. Since the physiological pH level in the 

human body is weakly alkaline, we can conclude that LXB performs well in detecting 

Cys and ONOO- under normal physiological conditions. Furthermore, we tested the cell 

compatibility and toxicity of the probe. The results showed that the probe exhibited no 

significant cytotoxicity, indicating its suitability for live cell bioimaging (Figure S13). 
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Figure 5. (A) The fluorescence intensity of probe LXB (10 μM) with and without and 

Cys (60 equiv); (B) The fluorescence intensity of probe LXB (10 μM) with and without 

and ONOO- (10 equiv). Solvent system: DMF/H2O (10 mM,4:6, v/v) at different pH 

(2-12). 

3.6 Fluorescent imaging in live cells 

We then performed live cell bioimaging experiments on the probe using confocal 

microscopy. After treating HepG2 cells with probe LXB (10 μM) for 30 min, 

fluorescence was observed in both the green and red channels (Figure 6A). In addition, 

cells were pretreated with 2mM N-ethylmaleimide (NEM, a biological thiol detergent) 

for 1 h, followed by coincubation with probe LXB (10 μM) for 30 min. The result 

showed that the fluorescence of the green channel disappeared while the red channel 

remained unchanged (Figure 6B). Next, we continued to pretreat HepG2 cells with Cys 

for 1h, then co-incubate with probe LXB (10 μM) for 30 min. The fluorescence in the 

green channel is significantly enhanced, while the red channel remains unchanged 

(Figure 6C). Finally, HepG2 cells were pretreated with Lipopolysaccharide (LPS, 10 

μg/mL) for 6 h to induce endogenous production. After coincubation with probe LXB 

(10 μM) for 30 min, the fluorescence of the red and green channels disappeared (Figure 

6D). These experimental results indicated that the probe can simultaneously detect 

changes of Cys and ONOO- in cells. 
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Figure 6. HepG2 cells were subjected to various treatments: (A1-A4) probe LXB 10 

μM for 30 min; (B1-B4) 2 mM NEM for 1 h and then incubated with probe LXB 10 

μM for 30 min; (C1-C4) 2 mM Cys for 1 h and then incubated with probe LXB 10 μM 

for 30 min; (D1-D4) LPS (10 μg / mL) for 8 h and then incubated with probe LXB 10 

μM for 30 min. Green channel：λem = 460-500 nm (λex = 405 nm). Red channel: λem = 

560-660 nm (λex = 488 nm). Scale bar : 20 μm. 

3.7 Fluorescence imaging with ferroptosis 

Erastin is a well-established drug known for its ability to induce cell ferroptosis. 

The intracellular ferroptosis can be achieved by targeting the system Xc̅. LXB (10 μM) 

was incubated with erastin (10 μM) and HepG2 cells separately for 0, 0.5, 1, 1.5, and 2 

h, followed by imaging under a confocal microscope. The results shown in Figure 7 

demonstrated that within the 0-2 h time frame, the fluorescence of the green channel 
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first decreased and then increased, while the fluorescence of the red channel decreased 

and then increased. These results mean that intracellular Cys first decreased and then 

increased, while the same ONOO- first increased and then decreased, and finally 

maintains a relatively low level. This may be due to the induction of oxidative stress by 

erastin. Similarly, we incubated HepG2 cells with probe LXB (10 μM), erastin (10 μM), 

and Fer-1(15 μM) respectively for 0 h, 0.5, 1, 1.5, and 2 h. Interestingly, no significant 

changes in intracellular fluorescence were observed (Figure 8). These findings provide 

evidence that erastin promotes ferroptosis and induces rapid cell death by blocking the 

transport function of the Xc̅ cystine transporter, leading to a depletion of GSH. 

 

Figure 7. Fluorescence time images of HepG2 cells incubated with probe LXB (10 μM) 

and erastin (10 μM) (0-2 h). Green channel：λem = 460-500 nm (λex = 405 nm). Red 

channel：λem = 560-660 nm (λex = 488 nm). Scale bar: 20 μm. 
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Figure 8. Fluorescence time images of HepG2 cells incubated with probe LXB (10 μM) 

and then treated with erastin (10 μM) and Fer-1(15 μM) (0-2 h). Green channel：λem = 

460-500 nm (λex = 405 nm). Red channel：λem = 560-660 nm (λex = 488 nm). Scale bar: 

20 μm. 

4 Conclusion 

In summary, we have designed a novel dual channel excited fluorescent probe 

LXB for detecting Cys and ONOO- through the green and red fluorescence channels, 

respectively (λem = 498 nm for Cys and λem = 565 nm for ONOO-). The detection limits 

of probe LXB were 1.31 μM and 3.89 μM, respectively, and it is not affected by other 

ions. Furthermore, cell experiments have shown that the probe has lower toxicity and 

can detect exogenous Cys and endogenous ONOO-. Moreover, cell ferroptosis 

experiments have demonstrated that the probe could monitor intracellular ferroptosis, 

provides a reliable method to further study the mechanism of ferroptosis and the 

treatment of cancer. 
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