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Ferroptosis has exhibited great potential in therapies and intracellular reducing agents of sulfur species
(RSSs) in the thiol-dependent redox systems are crucial in ferroptosis. This makes the simultaneous de-
tection of multiple RSSs significant for evaluating ferroptosis therapy. However, the traditional techniques,
including fluorescent (FL) imaging and electrospray ionization-based mass spectrometry (MS) detection,
cannot achieve the discrimination of different RSSs. Herein, simultaneous MS detection of multiple RSSs,
including cysteine (Cys), homocysteine (Hcy), glutathione (GSH) and hydrogen sulfide (H,S), was obtained
upon enhancing ionization efficiency by a fluorescent probe (NBD-0-1). Based on the interaction between
NBD-0-1 and RSSs, the complex of RSSs with a fragment of NBD-O-1 can be generated, which can be eas-
ily ionized for MS detection in the negative mode. Therefore, the intracellular RSSs can be well detected
upon the incubation of HeLa cells with the probe of NBD-O-1, exhibiting the total RSS levels by the FL
imaging and further providing expression of each RSS by enhanced MS detection. Furthermore, the RSSs
during ferroptosis in HeLa cells have been evaluated using the present strategy, demonstrating the po-
tential for ferroptosis examinations. This work has made an unconventional application of a fluorescent
probe to enhance the detection of multiple RSSs by MS, providing significant molecular information for
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addressing the ferroptosis mechanism.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a distinctive form of iron-dependent and non-apoptotic cell
death, ferroptosis has attracted great interest within the fields of
life sciences and medicine [1-3]. Involving various diseases (par-
ticularly cancer, neurological disorders and conditions linked to
ischemia-reperfusion injury) [4-9], ferroptosis has exhibited great
potential in therapies [10-16] and a comprehensive understanding
of ferroptosis is crucial for ferroptosis-based applications [17]. Nor-
mally, ferroptosis is recognized as a complex oxidative-reductive
imbalance, involving iron regulation, mitochondrial function, and
metabolisms of amino acids, lipids and glucose [18-20]. Espe-
cially, intracellular reducing agents of sulfur species (RSSs) in the
thiol-dependent redox systems are crucial in ferroptosis, includ-
ing hydrogen sulfide (H,S) and biothiols, including cysteine (Cys),
homocysteine (Hcy), and glutathione (GSH) [21,22]. For instance,
the depletion of Cys can lead to ferroptosis in pancreatic tu-
mors, and the GSH level in pancreatic ductal adenocarcinoma cells
decreases rapidly [23]. Besides, ferroptosis can also inhibit the
cystine/glutamate transporter (system X~ ) to reduce Cys uptake,
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thereby leading to the consumption of H,S [24] due to the gener-
ation of endogenous H,S from Cys, catalyzed by cys-tathionine y
lyase or cystathionine S synthase [25]. Therefore, the simultane-
ous detection of multiple sulfur species in ferroptosis is significant
not only for evaluating ferroptosis therapy but also for exploring
regulating mechanisms involved in ferroptosis.

However, the simultaneous detection of multiple sulfur species
in a complex biological system is still challenging. Fluorescence
(FL) imaging is a common strategy for investigating molecular-level
changes in RSSs within cells [26-29]. With high sensitivity, real-
time monitoring capabilities and non-destructive imaging proper-
ties [30-33], FL imaging has been applied to evaluate ferroptosis-
related RSSs, such as Cys and GSH [34-38]. However, the selective
detection of Cys, Hcy and GSH is still a challenge due to their sim-
ilarity in the structures and activities [37]. Taking the traditional
fluorescent detection as an example, the multi-channel fluorescent
detection of RSSs encounter difficulties due to their broad emission
bands and inevitable spectral cross-interference that occurs during
imaging. Alternatively, electrospray ionization mass spectrometry
(ESI-MS) is highly effective for acquiring structural information of
multiple species simultaneously [39-41]. However, RSSs are nor-
mally detected in the negative mode and the traditional ionization
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Fig. 1. The preparation and characterization of the fluorescent probe of NBD-O-1.
(a) The illustration on the synthesis of NBD-O-1. (b) ESI-MS characterizations. (i)
MS spectrum of NBD-O-1 at positive ion mode. (ii) MS/MS spectrum of the ion
[NBD-0-1-ClO4~]* at m/z 483.

efficiency is not satisfied enough for RSS detections in intricate cel-
lular environments. Consequently, the enhancement of MS-based
simultaneous detections of multiple intracellular RSSs in negative
mode is pursued.

Herein, simultaneous MS detection of multiple RSSs, including
H,S, Cys, Hcy and GSH, was obtained upon enhancing ionization
efficiency by a fluorescent probe. The fluorescent probe of NBD-O-
1 [42], showing similar emissions for Hcy/Cys and GSH/H,S, was
selected to enhance the selective and sensitive detection of four
RSSs by MS in the negative mode. Although NBD-O-1 cannot dis-
criminate Hcy/Cys and GSH/H,S by FL imaging, it can facilitate
ionization for the simultaneous detection of four RSSs by ESI-MS.
Thereby, the model of ferroptosis was constructed by incubating
a ferroptosis inducer with HeLa cells. The total levels of RSSs in
the cells were evaluated through FL imaging, and each RSS was
detected simultaneously using MS upon enhanced ionization with
NBD-O-1. Therefore, this work has made an unconventional appli-
cation of a fluorescent probe to enhance the detection of multiple
RSSs by MS detections, providing significant information for under-
standing RSS-based mechanisms in ferroptosis.

To facilitate the detection of RSSs, the recognition site of ni-
tro benzoxadiazol chromophore (NBD) was selected to construct
a fluorescent probe [42] for evaluating total RSSs and the subse-
quent enhanced detections by ESI-MS in the negative mode. Briefly
(Fig. 1a), a red lipophilic cationic dye of compound 1 was prepared
by a simple one-step reaction. Subsequently, NBD was connected
with compound 1 to obtain the probe of NBD-O-1, ensuring the
amphiphilic properties to facilitate its interaction with live cells for
biological applications. This preparation of the fluorescent probe
was confirmed by ESI-MS detections. For the detection of NBD-O-1
by ESI-MS (Fig. 1b-i), a significant ion of [NBD-0-1-ClO4~|* at m/z
483 was recorded in positive ion mode. The structure was further
verified through collision-induced dissociation (CID) experiments
(Fig. 1b-ii). Besides, the structures of compound 1 and NBD-O-1
were also confirmed through 'H NMR and 3C NMR characteriza-
tions (Fig. S1 in Supporting information).

To evaluate the performance of the fluorescent probe for detect-
ing RSSs, the UV-vis spectra of NBD-O-1 with the addition of dif-
ferent RSSs were first investigated. When Cys and Hcy were added
to the NBD-O-1 solution, there was a similar significant increase
in absorption at 580 nm, along with the appearance of new peaks
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Fig. 2. The detection of RSSs by NBD-O-1 probe. Fluorescence spectra of NBD-
0-1 with adding different RSSs, under the irradiation at Aex=480nm (a) and
Aex=585nm (b), respectively. Selectivity of NBD-O-1 to various species, under
the irradiation at Aex=480nm (c) and Aex=585nm (d), respectively. (e) Time-
dependent fluorescence intensity of NBD-O-1 at 550 nm in the presence of Cys and
Hcy, Aex=480nm. (f) Time-dependent fluorescence intensity of NBD-O-1 at 625 nm
in the presence of GSH and H,S, Xex =585 nm.

at 470 nm (Fig. S2 in Supporting information). While the addition
of GSH and H,S to the NBD-O-1 solution only resulted in an in-
crease in absorption at 580 nm. Consequently, similar absorptions
for Cys/Hcy or GSH/H,S were exhibited, which would facilitate the
RSSs detection upon the excitation at ~580 nm or 470 nm.

Subsequently, the fluorescent spectra of the probe of NBD-O-
1 with adding four RSSs respectively were collected using a fluo-
rescence spectrometer. Under the irradiation at 480nm (Fig. 2a),
the significantly increased FL emission at 550 nm was observed
with Cys and Hcy added. In addition, the increases of FL peaks
at 625nm were also observed for the four RSSs in different de-
grees. Similarly, under the excitation at 585nm, the increased FL
responses were also recorded for the four RSSs (Fig. 2b). Besides,
the response selectivity for the four RSSs was evaluated by com-
paring the FL signals with adding different cell coexisting anions
and amino acids into the NBD-O-1 solution. Under the irradia-
tion at 480 nm (Fig. 2c), significant FL responses were recorded af-
ter adding RSSs, while no obvious signal was collected for other
species. Similarly, irritated at 585 nm, the FL responses of four RSSs
were much higher than other species (Fig. 2d). Therefore, the probe
of NBD-0O-1 exhibits excellent selectivity for RSSs. Furthermore, the
pH-dependence (Fig. S3 in Supporting information) and kinetics of
FL responses (Figs. 2e and f) were also examined, revealing the
possibility of the probe for RSSs detection. However, the discrim-
ination of each RSS cannot be determined based on these simi-
lar FL responses, which show analogous emissions for Cys/Hcy and
GSH/H,S. Consequently, further strategies for distinguishing and
detecting each RSS are being pursued.

Since FL-based detection cannot realize the discrimination of
four RSSs, the four RSSs including Cys, Hcy, GSH and H,S were fur-
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Fig. 3. The detection of RSSs by ESI-MS with NBD-O-1 added. (a) The mass spectra of Cys (i), Hcy (ii), GSH (iii), and HS~ (iv) with NBD-O-1 added in the positive mode. (b)
The intensity ratios of the characteristic ions of [1-ClO4~]* (at m/z 320) to [NBD-O-1-ClO4~|* (at m/z 483) for different species with NBD-O-1 added. (c) The mass spectra
of Cys (i), Hey (ii), GSH (iii), and HS~ (iv) with NBD-O-1 added in the negative mode. (d) Online monitoring of the ion signals of Hcy with NBD-O-1 added in the negative

mode.

ther detected by MS. The detection was initially carried out in the
positive ion mode. Considering no obvious ion was observed for
detecting four RSSs in the positive ion mode, the probe was added
to further evaluate the detection performance. However, only the
probe characteristic ions of [NBD-O-ClO4~|* at m/z 483 and [1-
Clo4~ ]+ at m/z 320 were recorded for all the RSSs with NBD-O-
1 added (Fig. 3a). Interestingly, the intensity ratios of the ions at
my/z 320 to m/z 483 exhibited good selectivity for RSSs compared
to other species (Fig. 3b). This was generated from the cleavage of
the probe of NBD-O-1 at the ether bond site upon the interactions
with RSSs. However, different RSSs still cannot be obtained by MS
detection in the positive mode.

Subsequently, the detection of four RSSs was carried out in the
negative ion mode. For the detection, the mixture of four RSSs was
prepared to reach the concentration of 10 umol/L for each species,
which was subjected for the detection by the present method in
the negative mode. Without any additive added, the detection per-
formance was not satisfied, which only exhibited the significant
ion of GSH at m/z 306, and no obvious signals of [Cys-H]~ (at m/z
120) and [Hcy-H]~ (at m/z 134) were observed (Fig. S4 in Sup-
porting information). Thereafter, the fluorescent probe of NBD-O-
1 (10 pumol/L) was added for the detection. As demonstrated in
Fig. 3c, the significant characteristic ions of four RSSs can all be
recorded upon the interaction with NBD-O-1. Briefly, the charac-
teristic ions of [Cys+NBD-H]~ at m/z 283 (Fig. 3c-i), [Hcy+NBD-
H]~ at m/z 297 (Fig. 3c-ii), [GSH-+NBD-H]~ at m/z 469 (Fig. 3c-iii)
and [HS~+NBD]~ at m/z 196 (Fig. 3c-iv) were well recorded with
adding NBD-O-1 into RSS solutions of Cys, Hcy, GSH and H,S, re-
spectively. The corresponding ion structures were confirmed by the
CID experiments (Fig. S5 in Supporting information). Besides, the
dynamic changes of the ions of the RSS complex were also col-
lected by the MS online monitoring (Fig. 3d and Fig. S6 in Sup-
porting information), demonstrating the enhancement of MS sig-
nals is attributed to the interaction between RSSs and NBD-O-1. As
deduced, these ions were generated from ion-molecule reactions
between RSSs and —NBD-H, which were obtained from the decom-
position of NBD-O-1 upon interaction with RSSs. Besides, the prod-
uct of the decomposition of the probe was also recorded during
the detection of four RSSs, showing the significant ion of ClO4~ at
my/z 99. In fact, another important product of 1 was also generated,

which was in accordance with observing of the characteristic ion
of [1-ClO4~]* at m/z 320 in the positive mode (Fig. 3a).

Consequently, the enhanced detection of RSSs by ESI-MS in the
negative mode was generated from the interaction between RSSs
and the probe of NBD-O-1. As illustrated in Fig. 4, upon the inter-
action between the probe of NBD-O-1 and RSSs, the NBD-O-1 is
decomposed into 1 and —NBD-H. Thereafter, the complex of RSSs
and —NBD-H was generated for the enhancement of RSS detec-
tions by recording the corresponding adduct ions. For the ESI-MS
detections in the positive mode, only the probe ion of [NBD-O-1-
ClO4~|* at m/z 483 and the fragment ion of [1-ClO4~]* at m/z 320
can be recorded with adding the probe into different RSSs. There-
fore, the discrimination of RSSs cannot be obtained by ESI-MS de-
tection in the positive mode. While in the negative mode, the dif-
ferent adduct ions of —NBD-H with RSSs are detected, successfully
achieving the discrimination of different RSSs. In addition, along
with the interaction between the probe with RSSs for MS detec-
tions, the turn-on green fluorescent emissions (at 550 nm) are also
exhibited for the RSSs of Cys and Hcy and red emission (at 625 nm)
for all four RSSs. This is also in accordance with the failure of dis-
criminating four RSSs by the probe of NBD-O-1 via FL imaging.

To further evaluate the feasibility of applying the present en-
hanced ESI-MS strategy to the detection of RSSs during ferropto-
sis, HelLa cells were selected as the mode for the evaluations. Ini-
tially, the cytotoxicity of the NBD-O-1 probe was evaluated by us-
ing the methylthiazolyl tetrazolium (MTT) assay. As a result, the
cell viability of HeLa cells was higher than 90% after incubating
with the probe (0-10 pumol/L) for 12 h. This indicated the satisfied
biocompatibility and suitability for intracellular detections (Fig. S7
in Supporting information). Subsequently, the imaging of RSSs in
HelLa cells by the probe was carried out. As exhibited (Fig. S8 in
Supporting information), significant green and red emissions were
recorded after incubating with 10 pmol/L of NBD-O-1 for 30 min,
preliminarily confirming the FL imaging of RSSs in HeLa cells. Fur-
thermore, the feasibility of detecting RSSs in Hela cells by the
present method was evaluated after incubating cells with NBD-O-
1 (10 pmol/L, 30 min). In the positive mode (Fig. S9a in Support-
ing information), the ion of [NBD-O-1-ClO4~]* at m/z 483 and the
fragment ion of [1-ClO4~]* at m/z 320 were observed, indicating
the successful uptaking of NBD-O-1 by cells to undergo the RSS de-
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tections. This was confirmed by recording a series of characteristic
RSS ions (m/z 196, m/z 283, m/z 297 and m/z 469) in the negative
mode (Fig. S9b in Supporting information). Therefore, the detection
of RSSs in cells can be realized by the present method.

Thereafter, the imaging of RSSs during ferroptosis in living cells
was employed in HeLa cells with the ferroptosis. For inducing fer-
roptosis in HelLa cells, the ferroptosis inducer of Erastin was se-
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with the control group, the FL emission in the red and green chan-
nels was dramatically decreased in the Erastin-induced ferroptosis
group (Erastin). While no obvious change was observed in the Fer-
1-treated group (Fer-1) and the ferroptosis-inhibited group (Fer-
1+ Erastin). The corresponding FL intensities in both green and
red channels are illustrated in Figs. 5b and c. Consequently, it can
be deduced that the expression of RSSs in the ferroptosis group
dramatically decreased while can be recovered with ferroptosis-
inhibited. However, only the summary expression of Cys and Hcy
(green channel) or the total expression of four RSSs (red channel)
can be indicated by the FL imaging, it is still difficult to discrimi-
nate different RSSs.

Thus, the RSSs were detected by the NBD-O-1-enhanced ESI-MS
strategy. As demonstrated in Figs. 5d-g, the levels of the four RSSs
in the group of ferroptosis induced by Erastin decreased to differ-
ing degrees (Erastin) compared to the control group and the Fer-
1 group. While in the ferroptosis-inhibited group (Fer-1 + Erastin),
the expression of four RSSs increased obviously. This is in accor-
dance with the results of the FL imaging (Figs. 5a-c), exhibiting the
increased FL signals in the ferroptosis-inhibited group (due to the
increased RSSs) and the decreased FL responses in the ferropto-
sis group (with the decreased RSSs). Therefore, the NBD-O-1- en-
hanced ESI-MS strategy is reliable for identifying different expres-
sions of RSSs, including Cys, Hcy, GSH and H,S, to evaluate the fer-
roptosis process in living cells. This could be desirable for provid-
ing direct RSS information in biological studies.

In summary, we have presented an unconventional application
of a fluorescent probe for the ESI-MS-based detection of RSSs in
Ferroptosis. Taking a FL probe of NBD-O-1 as an example, the dis-
crimination of different RSSs cannot be obtained based on the sim-
ilar FL emission in both red and green channels generated from the
interaction between RSSs and the probe of NBD-O-1. Nevertheless,
the normal detection of RSSs by ESI-MS is unsatisfactory due to
the failure to obtain RSS ions in the positive mode and the quite
low sensitivity in the negative mode. While interestingly the inter-
action between RSSs and the probe does have enhanced the RSS
detection by ESI-MS in the negative mode. Consequently, the dis-
crimination and evaluation of four RSSs including Cys, Hcy, GSH
and H,S can be obtained, which has shown potential for the exam-
ination in the ferroptosis mode of the HelLa cells. Upon overcom-
ing the similar FL emission for Cys/Hcy and GSH/H,S, this probe-
enhanced ESI-MS detection has provided a potential pathway for
evaluating RSSs levels, which would address the mechanism exam-
inations of ferroptosis for targeted therapeutic strategies and drug
developments.
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