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Abstract
Purpose  Ferroptosis, a programmed cell death modality, is an iron-dependent, non-apoptosis pathway that is characterized 
by the upregulation of divalent iron and reactive oxygen species (ROS) levels. However, the sensitive and rapid detection 
to track changes in ferroptosis is challenging, partially due to the lack of methods for monitoring the Fe(II) accumulation 
and ROS generation.
Procedures  Herein, we reported a dual-reaction fluorescent probe DR-1 with turn-on response, which realized the simultane-
ous visualizing of Fe(II) and ROS with a single probe. The structure of fluorescence quenching group and turn-on fluorophore 
constitute a double switch for DR-1, which increases its specificity and stability.
Results  During ferroptotic cell death, the upregulation of ROS levels led to the cleavage of quenching group of DR-1, and 
the aggregation of Fe(II) resulting in fluorescence recovery.
Conclusions  Overall, this study provides a new dual-reaction probe that shows the great potential to explore the mechanism 
of ferroptosis in vitro and in vivo by fluorescence imaging.
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Introduction

Ferroptosis, a programmed cell death pathway first identi-
fied in 2012 by Dixon et al. [1], is an iron-dependent and 
caspase-independent manner that differs from other types of 
regulated cell death [1]. Ferroptosis is characterized by the 
accumulation of lipid peroxides and Fe(II), and the produc-
tion of lipid peroxides is associated with ROS [1, 2]. Ferrop-
tosis can be induced by a group of chemical compounds such 
as erastin and RSL3, which inhibit the activity of glutathione 
peroxidase 4 (GPX4) [3]. As GPX4 is a critical factor for 
reducing phospholipid hydroperoxide, GPX4 inhibition 
leads to lipid peroxidation, resulting in the generation of 
active free radicals that can damage cell function [4, 5]. In 
addition, SLC7A11, a key component of cystine/glutamate 
antiporter, its overexpression inhibits ferroptosis induced by 
ROS [6]. Thus, the dysregulation of ferroptosis is closely 
associated with various diseases including cancers [7], liver 
conditions such as liver fibrosis,[8] and neurodegenerative 
diseases such as dementia [9]. The real-time detection of 
ferroptosis will help provide necessary information for drug 
design and disease diagnosis [10]. However, to date, the 
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most common techniques for detecting ferroptosis, such as 
western blotting, immunofluorescence, and immunohisto-
chemistry, depend on the level of ferroptosis biomarkers [11, 
12]. These conventional methods are typically time-consum-
ing and incapable of rapid, precise, and real-time ferroptosis 
monitoring in live cells [13]. Thus, it remains necessary to 
develop probes for the real-time tracking of ferroptosis in 
living tissues and cells, which can serve as powerful tools for 
ferroptosis-related preclinical and clinical research.

Since the first report that ferroptosis is iron-dependent, 
various approaches have been applied to determine the role 
of iron metabolism in regulating ferroptotic cell death [1]. 
For example, Gao et al. [14] reported that ferroptotic cell 
death caused by the extracellular iron carrier protein trans-
ferrin was determined by the state of the iron. This finding 
suggested that the mechanism that controls the iron load of 
transferrin can also regulate ferroptosis. Thus, ferroptosis 
occurs due to insufficient cell reduction capacity through 
Fe(II)-dependent lipid peroxidation [15]. On the other hand, 
ROS, including H2O2, •OH, •O2

−, and HClO, are essen-
tial factors in various cellular processes, and an increase 
in these cellular ROS is also a critical cause of ferroptosis 
[16–18]. Studies have shown that excess iron imported or 
released by the autophagy/lysosomal degradation of ferritin 
or heme catabolism can produce ROS through the Fenton 
reaction and cause ferroptosis [19, 20]. In contrast, reducing 
the iron overload using iron-chelating agents impedes fer-
roptosis induced by erastin [21, 22]. Iron, if present as the 
form of Fe(II), can trigger the Fenton reaction, even in vivo.
[23] These results indicate that simultaneous increases in 
intracellular Fe(II) and ROS levels are key to the occurrence 
of ferroptosis. There are many specific and effective methods 
for the detection of Fe(II)[24] or ROS[25] that have allowed 
the investigation of their individual roles in ferroptotic cell 
death [1, 26]. However, there is a lack of effective methods 
for the real-time simultaneous detection of Fe(II) and ROS 
during ferroptosis.

Activatable fluorescent probes have been widely used 
for biomedical imaging because of their improved signal-
to-background ratios compared to their “always on” coun-
terparts [27–29]. Fluorescence imaging probes are one of 
the most effective tools for detecting intracellular Fe(II) and 
other short-lived species.[24, 30] Most current methods for 
detecting ferroptosis are based on the use of fluorescent 
probes to detect a single biomarker of ferroptosis [11, 26]. 
Although a large number of studies have been conducted to 
detect ferroptosis, there are few methods that can specifically 
detect Fe(II) and ROS simultaneously in real time. Moreo-
ver, the detections based on antibody are difficult to per-
form in living cells or in vivo. To address these challenges, 
Fe(II) or ROS-specific fluorescent small molecules, such as 
FeRhoNox-1 and 2,7-dichlorofluorescin diacetate (DCFH-
DA), have been used to detect ferroptosis [31]. Although 

these methods are usually effective, Fe(II) and ROS must be 
detected separately using two different probes [32]. Owing 
to the issues associated with the use of different probes, 
such as uneven site distribution and possible crosstalk in the 
same cell, this measurement method is not only complicated 
but also inaccurate. In contrast, a single fluorescent probe 
which could monitor Fe(II) and ROS simultaneously with 
high specificity can provide an unprecedented, simple, and 
accurate method for the study of ferroptosis.

Because of the critical role of Fe(II) in diseased and 
healthy conditions of living systems, many fluorescent 
probes for detecting divalent iron have been reported, includ-
ing chelating fluorescent probes for monitoring “chelated 
iron groups” and chemical-reaction-based turn-on probes 
[33]. However, because Fe(II) has the ability to quench fluo-
rescence and the weak binding characteristics of first-row 
transition metal ions, resulting in the turn-off response and 
metal selectivity of chelating probes are insufficient [33]. 
N-oxide-based fluorescent probes are widely used in selec-
tive detecting unstable Fe(II) in living cells because of their 
turn-on response and strong selectivity for redox states and 
metal ions [34]. Nevertheless, to our knowledge, few cur-
rent fluorescent probes can simultaneously detect Fe(II) and 
ROS, which prompted us to design a single molecule probe 
(DR-1) for using fluorescent imaging to study ferroptosis.

Materials and Methods

Reagents and Apparatus

Sodium bicarbonate, ethyl acetate, meta-chloroperoxyben-
zoic acid (m-CPBA), trifluoroacetic acid (TFA), piperi-
dine, 4-dimethylaminopyridine (DMAP), dicyclohexyl-
carbodiimide (DCC), dimethyl sulfoxide (DMSO), and 
thiazolyl blue tetrazolium bromide (MTT) were purchased 
from Sigma-Aldrich. Erastin, RSL3, ferrostatin-1 (Fer-1), 
liproxstatin-1 (Lip-1), and deferoxamine mesylate (DFO) 
were obtained from Med chem Express (Shanghai, China). 
HepG2, H22, LO2, or LX2 cells were purchased from the 
American Type Culture Collection (ATCC). The quenching 
group black hole quencher-2 (BHQ-2) succinimidyl ester 
was purchased from Biosearch Technologies (USA). All 
reagents were analytical grade and used directly without 
further purification. The Wang resin was purchased from 
Tianjin Nankai Hecheng S&T Co. Ltd (Tianjin, China). 
RPMI 1640 media, trypsin, and fetal bovine serum (FBS) 
were purchased from Gibco Invitrogen Co. (New York, NY, 
USA). Hoechst 33,258 (cat#H3569), 2’,7’-dichlorodihydro-
fluorescein diacetate (H2DCFDA, cat#C10443), mitochon-
dria probe (MitoTracker® Deep Red FM, cat# M22426), 
and LysoTracker blue (cat# L7525) were purchased from 
Thermo Fisher Scientific (Loughborough, Leicestershire, 
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UK). Golgi Tracker Red (cat#C1043) and ER-Tracker Red 
(cat#C1041) were purchased from Beyotime Biotechnology 
Co., Ltd, Shanghai, China. Rabbit monoclonal Anti-Glu-
tathione Peroxidase 4 antibody (#ab125066) was purchased 
from Abcam Trading Co. Ltd (Shanghai, China). SF680-
phalloidin (cat#CA1650) was purchased from Solarbio Sci-
ence & Technology Co., Ltd, Beijing, China. CellMaker 
Blue CMAC (cat#CS317) was purchased from ZFdows Bio 
Co., Ltd, Nanjing, China.

Ultrapure water (over 18 MΩ·cm) from a Milli-Q refer-
ence system (Merck Millipore, MA, USA) was employed 
throughout. The absorption spectra were characterized 
by a Shimadzu UV-2550 spectrophotometer. The fluores-
cence emission spectra were obtained by an F-7000 fluo-
rescence spectrofluorometer (Hitachi, Japan). Electrospray 
ionization mass spectrometry (ESI–MS) was performed at 
Thermo Finnigan LCQ Deca XP MAX mass spectrometer. 
Cytotoxicity of DR-1 was evaluated by MTT assay in a 
previous study[35] on a SpectraMax i3 microplate reader 
(Molecular Devices, USA). Confocal fluorescence images 
were obtained on LSM710 confocal laser scanning micro-
scope (Zeiss, Germany) and FV 1200-IX83 confocal laser 
scanning microscope (Olympus, Japan). Liquid chromatog-
raphy with tandem mass spectrometry (LC–MS/MS 8050, 
Shimadzu Corporation) was used for the quantification of 
4-aminobutyric acid (GABA) in biological samples.

Synthesis and Characterization of DR‑1

DR-1 was synthesized according to the following methods. 
As shown in Figure S1, compound 1, which is a rhodamine 
B–based turn-on fluorescent probe used for ferrous ion 
detection, was synthesized according to a previous litera-
ture [30]. The crude product of compound 1 was purified 
by HPLC and then verified by mass spectrometry (shown in 
Figure S2). Then, ROS-responsive peptide modified with a 
fluorescence quenching group, BHQ-2 succinimidyl ester at 
the lysine residue of the peptide, was prepared by a strategy 
that used solid-phase peptide synthesis through an Fmoc-
amino protection strategy. The sequence of ROS-responsive 
peptide was CPPPPPK. After the N-terminal Fmoc group 
was removed by 20% piperidine in DMF, compound 1 was 
reacted with the amino group at the end of the peptide. 
Then, DR-1, as the final product was obtained after pep-
tide cleavage from Wang resin, and the crude product was 
purified by HPLC and then verified by mass spectrometry. 
FeCl2 + H2O2: H2O2 solution was slowly added to the tube 
containing DR-1 and FeCl2.

Cell Culture

HepG2 cells were cultured in DMEM media supplemented 
with 10% fetal bovine serum, 100 units/mL penicillin, and 

100 μg/mL streptomycin at 37 °C in a humidified atmos-
phere of 95% air and 5% CO2. After growing to 70% conflu-
ence, the cells were treated with trypsin, and then seeded on 
glass bottom dishes for 24 h for further experiments.

In Vitro Fluorescence Imaging

HepG2 cells were treated with 10 μM erastin or 2 μM RSL3 
for the appropriate time to induce ferroptosis [3]. After that, 
the culture media were removed and the cells were washed 
with serum-free media and then incubated with 10 μM DR-1 
for 1 h. To inhibit ferroptosis, the cells were incubated with 
10 μM erastin or 2 μM RSL3 in the presence of 100 μM 
DFO, 5 μM Fer-1, or 5 μM Lip-1 [1, 21]. Fluorescence 
imaging was performed with the confocal laser scanning 
microscope.

Animals and Establishment Mouse Tumor Models

Balb/c female nude mice (6 weeks of age) were purchased 
from Vital River Laboratory Animal Technology Co. Ltd., 
Beijing, China. All the experimental procedures involving 
animals were approved by the Institutional Animal Care 
and Use Committee of the Institute of Automation, Chinese 
Academy of Sciences. HepG2 cells (1 × 106) were suspended 
in 100 μl PBS and injected into the nude mice subcutane-
ously. The tumors were allowed to grow to about 200 mm3 
before the experiment.

In Vivo and Ex Vivo Fluorescence Imaging

HepG2-bearing nude mice were randomly divided into two 
groups, and ferroptosis was induced by injection of erastin 
(10 mg/kg) every 2 days for 1 week; mice without any treat-
ment were used as a negative control. Then, DR-1 (10 mg/
kg) was injected into the mice; the fluorescence change 
of DR-1 was monitored after injection of 1 h using IVIS 
spectrum imaging system (PE, Waltham, MA, USA). The 
tumors were excised, fixed in 4% PFA, and transferred to 
a 30% sucrose aqueous solution for 12 h. Coronal frozen 
Sects.  (10 μm in thickness) of tumors were cut using a 
cryotome (Microm, Germany). Finally, the sections were 
observed by a Nikon TiE microscope (Nikon, Tokyo, Japan).

Immunohistochemistry

Paraffin-embedded tissue sections from mice were baked at 
60 °C for 1 h. Slides were deparaffinized with xylene, rehy-
drated in ethanol, and rinsed in distilled water. The tumor 
sections were incubated with 3% H2O2 in methanol at room 
temperature for 20 min and antigen repair at 95℃ for 5 min. 
After washing thrice in PBS, the sections were blocked in 
10% goat serum for 30 min to prevent non-specific binding, 
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followed by incubation with the primary antibody (GPX4, 
Abcam, #ab125066 or SLC7A11, Abcam, #ab37185). Next, 
the sections were washed and incubated with HRP-labeled 
secondary antibody for 30 min. The nuclei were labeled by 
hematoxylin and the substrate DAB was added for 10 min. 
The images were captured using a Nikon TiE microscope 
(Nikon, Tokyo, Japan).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 
V5.0 (GraphPad Software, Inc., San Diego, CA, USA). All 
data are expressed as the mean ± standard deviation (SD). 
For comparisons between two groups, statistical significance 
was analyzed with Student’s t-tests (P < 0.05 was considered 
statistically significant). For comparisons of three or more 
groups, statistical significance was analyzed with one-way 
ANOVA (*P < 0.05 considered significant).

Results and Discussion

Dual‑Reaction Turn‑On Mechanism of DR‑1 
in Detection of Fe(II) and ROS

To explore the mechanism of ferroptosis in living cells, it is 
necessary to monitor Fe(II) accumulation and ROS genera-
tion simultaneously with a single dye. Therefore, an ideal 
probe for quantitative Fe(II) and ROS detection will only 
induce fluorescence changes when both factors are present. 
For this reason, we designed a turn-on probe with a dual 
response to Fe(II) and ROS. An Fe(II)-specific turn-on 
fluorophore [30] was used to connect an ROS-degradable 

peptide chain[36] and a fluorescence quenching group to 
achieve a double response and double switch for the detec-
tion of ferroptosis (Scheme 1). Common detection methods 
for Fe(II) include traditional and chemical-reaction-based 
fluorescent probes. Chemical reaction-based fluorescent 
probes take advantage of the unique chemical reactivity of 
Fe(II) and feature a highly selective turn-on response fol-
lowing the reaction with the target molecule. This selective 
turn-on detection mechanism has been used to explore the 
biological and pathological roles of Fe(II) in determining 
the redox state of cells. RhoNox-1 achieves a high selec-
tive Fe(II) detection through tertiary amine N-oxide deoxy-
genation mediated by Fe(II) [34]. Therefore, we based our 
probe DR-1 on RhoNox-1, a fluorophore with a rhodamine B 
scaffold with the conversion of one amino group to tertiary 
amine N-oxide.

To achieve a simultaneous response to ROS, we also 
incorporated an ROS-degradable polypeptide into DR-1. 
This peptide containing oligoproline was aimed to respond 
to a series of chemical species of ROS. The specific mecha-
nism of its reaction with ROS oxidation is closely related to 
proline oxidation and peptide bond breaking [37, 38]. The 
high levels of ROS associated with ferroptosis in living cells 
will degrade the peptide chain, thereby releasing the quench-
ing group and turning on the first switch. At this time, the 
probe will still display negligible fluorescence because the 
N-oxide group reduces electron donation from the nitrogen 
atom and prevents its lone pair from participating in the 
conjugated xanthene system, which causes a hypsochromic 
shift in the absorption band and a reduction in fluorescence. 
However, the N-oxide unit of DR-1 was readily decomposed 
by the reaction with Fe(II) and recovered the parent fluo-
rophore moiety rhodamine B, leading to the turning on of 

Scheme 1   We design a turn-on 
fluorescent probe for the simul-
taneous detection of Fe(II) and 
ROS; an N-oxide-based fluoro-
phore and an ROS-degradable 
peptide chain were introduced 
onto a rhodamine B scaffold 
and connected to a fluorescence 
quenching group. In the DR-1 
structure, ROS can degrade 
the amino acid sequence in the 
polypeptide chain, resulting 
in cleavage of the quenching 
group. Due to the reaction of 
the N-oxide unit of DR-1 with 
Fe(II), the probe recovers fluo-
rescence from rhodamine B.
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the second fluorogenic switch. In summary, the transforma-
tion of DR-1 into its products without quenching group in 
the presence of ROS causes a fluorescent turn-on response 
by Fe(II), which allows the probe to detect Fe(II) and ROS 
simultaneously during ferroptosis in living cells (Fig. 1a). 
DR-1 exhibits absorption (λmax = 492 nm) and fluorescence 
emission (λem,max = 575 nm) in the visible region.

Preparation and Characterization of DR‑1

The probe was synthesized according to the synthetic route 
described in Figure S1. A fluorophore containing a nitro 
group was used to connect the peptide segment with a 
repeated amino acid sequence through an amidation reac-
tion to obtain a double response to ROS and Fe(II). We 
introduced BHQ-2 as the quenching group, which is known 
to have a strong absorption range of 520–600 nm and good 
quenching of fluorophores emitting fluorescence in this 
range [39]. Subsequently, BHQ-2 was connected to obtain 
the final turn-on fluorescent probe. The final product was 

confirmed to be DR-1 by high-resolution mass spectrum 
and high-performance liquid chromatography (Figures S2 
and S3). The oxidation of proline residues of proteins can 
lead to peptide bond cleavage by a mechanism that involves 
oxidation of the proline residues to the 2-pyrrolidone deriv-
ative. Furthermore, the acid hydrolysis of 2-pyrrolidone 
yields GABA [37, 38]. As shown in Figure S3d, GABA was 
detected in the products, which verified the degradation of 
pro-containing peptides mediated by hydroxyl radicals.

RhoNox-1 (compound 1 in Figure  S1) was used to 
evaluate the fluorescence response to Fe(II) in the buffer 
(50  mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES), pH 7.4). As expected, RhoNox-1, which 
does not contain the quenching group, showed an absorp-
tion and emission maximum at 492/575 nm (Fig. 1b). When 
treated with Fe(II), RhoNox-1 showed increased emission at 
575 nm. At a concentration of 10 μM, RhoNox-1 was able 
to sense 0.25–20 μM Fe(II) in the phosphate-buffered saline 
(PBS) buffer with a dose-dependent response (Figure S4a). 
RhoNox-1 was confirmed to exhibit a fluorescence response 

Fig. 1   Dual-reaction turn-on mechanism of DR-1 in the detection 
of Fe(II) and ROS. a The response mechanism and characterization 
of DR-1. b The fluorescence spectra of RhoNox-1 (10  μM) in the 
absence and presence of 50 μM FeCl2. λex = 492 nm, λem = 575 nm. c 
The fluorescence spectra of DR-1 (10 μM) in pH 7.4 phosphate buffer 
containing different reaction systems: 50  μM FeCl2, 50  μM H2O2, 
and 50 μM FeCl2 + 50 μM H2O2. d The UV–vis spectra of RhoNox-1 
(10 μM) in the absence and presence of 50 μM FeCl2. e The UV–vis 

spectra of of DR-1 (10  μM) in pH 7.4 phosphate buffer containing 
different reaction systems: 50  μM FeCl2, 50  μM H2O2, and 50  μM 
FeCl2 + 50  μM H2O2. f–i The cell viability was determined by the 
standard MTT method, and the viability in the absence of DR-1 was 
defined as 100%. The results are presented as mean ± standard devia-
tion (n = 5). The viability of HepG2, H22, LO2, or LX2 cells incu-
bated with different concentrations of DR-1 for 12 h.
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to Fe(II), with the fluorescence increasing significantly with 
an increase in the Fe(II) concentration. Owing to the pres-
ence of both the fluorescence turn-on response and the 
quenching group, DR-1 did not emit strong fluorescence in 
the physiological buffer or normal living cells. Therefore, we 
studied the response characteristics of DR-1 to metal cations 
in the presence of ROS.

Simultaneous Response to Fe(II) and ROS in Ex Vivo

Under the optimized condition (reacting for 1 h at physiologi-
cal pH 7.4, Figure S4b), the fluorescence response of DR-1 to 
different amounts of treatment is shown in the fluorescence 
spectra. As illustrated in Fig. 1c, compared to the treatment of 
Fe(II) or H2O2 alone, the fluorescence of DR-1 increased when 
exposed to both Fe(II) and H2O2 in 50 mM HEPES buffer (pH 
7.4). Next, we evaluated the selectivity of DR-1 to Fe(II) in the 
presence of ROS by comparison with the response to alkaline 
earth metals, alkali metals, and biologically relevant transition 
metals (Figure S5a). DR-1 exhibited a highly metal-specific 
response to Fe(II) in the presence of H2O2. Furthermore, DR-1 
showed high selectivity for ROS with the treatment of Fe(II); 
no significant fluorescence enhancement was detected upon the 
addition of inorganic salts and biologically active substances. 
For example, with the presence of amino acids, glucose, or glu-
tathione, DR-1 cannot achieve Fe(II) detection (Figure S5b). In 
addition, DR-1 showed an absorption band at around 492 nm 
in phosphate buffer (pH 7.4) containing H2O2. However, FeCl2 
or FeCl2 + H2O2 caused the absorption peak of DR-1 to shift to 
575 nm (Fig. 1d, e), which can be attributed to the conversion 

of DR-1 to rhodamine B. These observations indicate that DR-1 
has sufficient in vitro and ex vivo selectivity (Figure S6) which 
can be used in biological systems for detecting Fe(II) and ROS 
simultaneously. As shown in Figure S7, the fluorescence of 
DR-1 was not affected by temperature variations. Therefore, 
the effect of temperature and pH did not interfere with the fluo-
rescence of DR-1, which is essential for monitoring Fe(II) and 
ROS accurately.

Monitoring Fe(II) and ROS Simultaneously In Vitro

A standard MTT assay showed relatively high cell viability 
even at a DR-1 concentration of 100 μM and incubation 
with HepG2, H22, LO2, or LX2 cells for 12 h (Fig. 1f–i). 
These results confirmed that DR-1 has good biocompatibil-
ity, which predicts that this is a safe probe to use in detecting 
dynamic processes of living cells.

The liver cancer HepG2 cells were selected to establish a 
ferroptosis cell model. Erastin and RSL3 are ferroptosis induc-
ers [1, 3] that inhibit the uptake of intracellular cystine, which 
results in the subsequent accumulation of Fe(II) and ROS. We 
further verified the feasibility of using DR-1 to detect ferrop-
tosis by incubating HepG2 cells with PBS, FeCl2, H2O2, eras-
tin, or RSL3 for 12 h, and then stained the cells with DR-1 for 
60 min. The imaging performance of DR-1 for ferroptotic cell 
death was investigated using confocal fluorescence microscopy. 
RSL3 induced ferroptosis by covalently inhibiting GPX4 [3], 
and similar imaging results were also observed in HepG2 cells 
treated with erastin. As depicted in Fig. 2a, b, and c, compared 
with the control group, the fluorescence intensity of the FeCl2 or 

Fig. 2   Monitoring Fe(II) and ROS simultaneously in  vitro. a 
Cells were treated with dimethyl sulfoxide (control group), FeCl2, 
H2O2, erastin, or RSL3. Cells were stained with DR-1 (20  μM, 
λex = 492  nm, λem = 575  nm) and Hoechst (blue, λex = 405  nm, 
λem = 430–470  nm) before imaging. DR-1 is pseudocolored in yel-
low. Scale bar: 20  μm. b Relative fluorescence intensity of the flu-
orescence images in a. The pixel intensity from the image (control 

group) is defined as 1.0. λex = 492 nm, λem = 575 nm. The results are 
presented as mean ± standard deviation (n = 3). Significant differences 
(***p < 0.001 vs control group) are performed by Student’s t-test. c 
3D confocal images of HepG2 cells incubated with DR-1 (20  μM, 
λex = 492  nm, λem = 575  nm) and Hoechst (10  μM, λex = 405  nm, 
λem = 430–470  nm) in serum-free medium with or without RSL3. 
Scale bar: 5 μm.
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H2O2 treatment groups showed no significant change, whereas 
the fluorescence intensity of the erastin or RSL3 treatment 
groups increased significantly (Video S1 and S2 shown in the 
supporting information). In addition, erastin or RSL3 itself had 
no effect on the fluorescence of DR-1 (Figure S8, S9). These 
results indicate that DR-1 can image ferroptotic changes during 
cell damage.

Intracellular Distribution of the Released 
Fluorophore from DR‑1 During Ferroptosis

HepG2 cells were stained with DR-1 and CMAC (cytoplas-
mic blue fluorescent dye, cytoplasmic matrix probe) [40], 

Golgi Tracker (Golgi probe), phalloidin (cytoskeleton probe), 
LysoTracker Blue (lysosomal probe), MitoTracker Deep Red 
FM (mitochondrial probe) or ER-Tracker Red (endoplasmic 
reticulum probe). As shown in Fig. 3, the fluorescence sig-
nal of the released rhodamine B–containing products was 
overlapped with that of LysoTracker Blue (λem = 575 nm). 
Moreover, a high Pearson’s correlation coefficient (0.84712) 
and overlap coefficient (0.831) were seen in the intensity cor-
relation plot. By comparison, the cleaved fluorescent com-
pound did not remarkably stain the cytoplasmic membrane or 
cytoskeleton. These results indicate that the released fluoro-
phore is likely to accumulate selectively in lysosomes, Golgi, 
ER, and mitochondria. Consistently, it was reported that the 

Fig. 3   Intracellular distribu-
tion of the released fluorophore 
from DR-1 during ferroptosis. 
Representative confocal fluo-
rescence images of colocaliza-
tion of DR-1 in HepG2 cells. 
Erastin-treated cells were 
incubated with 20 μM DR-1 
and CellMaker Blue CMAC 
(λex = 353 nm, λem = 466 nm), 
Golgi Marker (λex = 589 nm, 
λem = 617 nm), ER-Tracker 
(λex = 587 nm, λem = 615 nm), 
Phalloidin (λex = 681 nm, 
λem = 698 nm), LysoTraker 
(λex = 373 nm, λem = 422 nm), 
or MitoTracker (λex = 644 nm, 
λem = 665 nm). Note: the cells 
were fixed with paraformalde-
hyde and permeabilized with 
Triton X-100 before staining 
with Phalloidin. Probes are 
indicated or pseudocolored in 
representative confocal images. 
The intensity correlation plot 
of DR-1 and other probes are 
shown in the last column. Scale 
bar: 10 μm.
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divalent iron involved in ferroptosis is mainly produced in 
lysosomes, which is the main site where trivalent iron is con-
verted into divalent iron by enzymes [41]. Moreover, the dys-
function of lysosomes leads to iron accumulation and ROS 
production, which promotes lipid peroxidation and leads 
to ferroptosis [31, 42]. However, compared with other pH 
regions, DR-1 shows relatively high fluorescence in the region 
of pH = 4–6 (Figure S10). Therefore, the acid environment 
of lysosomes may affect the fluorescence response of DR-1. 
Previous imaging studies have shown that intracellular labile 
Fe(II) levels in lysosomes and endoplasmic reticulum increase 
during erastin-induced cell death. In addition, the increase of 
fluorescence signal in mitochondria is due to the shrinkage 
of mitochondria rather than the increase of the Fe(II) level 
[43]. Moreover, Golgi apparatus may be a key organelle which 
holds a large amount of labile Fe(II) [44]. Therefore, the intra-
cellular distribution of the released rhodamine B–containing 
products showed that Fe(II) may accumulate in lysosomes, 
Golgi, and ER under the action of ROS during ferroptosis.

Real‑Time Imaging of DR‑1 in Ferroptosis Cell Model

Further assays were performed to prove that DR-1 can be 
applied to detect Fe(II) and ROS during ferroptosis in real 
time. HepG2 cells were treated with erastin (0–12 h) and 
then stained with DR-1. Confocal images indicated that the 
fluorescence of DR-1 increased with increasing erastin treat-
ment time. As depicted in Fig. 4a, the fluorescence of DR-1 
increased slightly within 4 h of erastin treatment, and the 
fluorescence in the cells became stronger with increasing 
treatment time. Some cells were observed to contract at 12 h, 
indicating cell damage or death. As is seen from Fig. 4b, 
cells treated with erastin for 6 h, 8 h, or 12 h produced 2.0-, 
2.4-, or 3.7-fold fluorescence enhancement, respectively, at 
λem = 575 nm as compared to the HepG2 cells incubated with 
erastin for 4 h. Furthermore, a linear relationship between 
fluorescence intensity and erastin concentration can be 
observed (Figure S11), indicating that DR-1 can detect mild 
ferroptosis in HepG2 cells caused by erastin as low as 1 μM. 

Fig. 4   Real-time imaging of DR-1 in ferroptosis cell model. a Rep-
resentative confocal fluorescence images of HepG2 cells loaded with 
DR-1. HepG2 cells were treated with erastin (10 μM) for 0–12 h then 
stained with DR-1 (20 μM, λex = 492 nm, λem = 575 nm) and Hoechst 
(blue). DR-1 is pseudocolored in yellow. Scale bar: 20 μm. b Rela-
tive fluorescence intensity of the fluorescence images in a. The pixel 
intensity from the image (2 h group) is defined as 1.0. λex = 492 nm, 
λem = 575  nm. The results are presented as mean ± standard devia-
tion (n = 3). Significant differences (**p < 0.01; ***p < 0.001 vs 

2  h group) are performed by Student’s t-test. c Representative real-
time confocal fluorescence images of living cells loaded with 
DR-1. HepG2 cells were stained with DR-1 (20  μM, λex = 492  nm, 
λem = 575  nm) and Hoechst (blue) in serum-free medium with 
or without erastin. DR-1 is pseudocolored in yellow. Scale bar: 
20  μm. d The fluorescence intensity of the fluorescence images 
in c. λex = 492  nm, λem = 575  nm. The results are presented as 
mean ± standard deviation (n = 3).
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These results reveal that the fluorescence of DR-1 can be 
used to detect ferroptotic changes in living cells in real time.

To test the stability of DR-1 for imaging, the cells were 
treated with erastin for 12 h, and then real-time imaging of liv-
ing cells was evaluated in a serum-free medium supplemented 
with DR-1. The time-lapse video obtained from continuous 
confocal imaging over 20 min showed that continuous irra-
diation did not lead to rapid fluorescence quenching (video 
S3 shown in the supporting information). The pictures in 
Fig. 4c were snapshotted from the video of the measurement 
process. Thus, DR-1 has good photostability (Fig. 4d) and is 
suitable for long-term live cell imaging to detect real-time 
dynamic changes associated with ferroptosis in the cell.

In Vitro Imaging of DR‑1 with the Inhibition of 
Ferroptosis

Deferoxamine (DFO) [1], ferrostatin-1 (Fer-1), and liprox-
statin-1 (Lip-1) [21] were used as ferroptosis inhibitors. 

HepG2 cells pretreated with DFO (100 μM), Fer-1 (5 μM), 
or Lip-1 (5 μM) were incubated with erastin, and then DR-1 
staining was applied to detect ferroptosis. Additionally, we 
used DR-1 staining to detect caspase-dependent apoptosis 
induced by treating HepG2 cells with 10 μM carbonyl cya-
nide 3-chlorophenylhydrazone (CCCP) [45]. As shown in 
Figs. 5a and S12, treatment with erastin (10 μM) for sev-
eral hours induced cell injury. However, this process was 
effectively inhibited by the addition of DFO, which is an 
iron chelator, indicating that this type of cell death is iron-
dependent. The confocal images showed that DR-1 fluores-
cence was significantly enhanced in cells treated with erastin 
alone, whereas almost no DR-1 fluorescence was observed in 
cells pretreated with Fer-1 or Lip-1. These results indicated 
that DR-1 can detect intracellular ferroptosis, and Fer-1 or 
Lip-1 effectively inhibited the fluorescence signals. Notably, 
compared with the control group, no significant increase in 
fluorescence was observed in the apoptosis group. However, 
the treatment of DFO resulted in a fluorescence reduction 

Fig. 5   In vitro imaging of DR-1 with the inhibition of ferroptosis. a 
Representative confocal fluorescence images of HepG2 cells loaded 
with DR-1. HepG2 cells were treated with DFO (100  μM), Fer-1 
(5 μM), or Lip-1 (5 μM) in the presence of 10 μM erastin for 12 h 
before being stained with DR-1 (20 μM, λex = 492 nm, λem = 575 nm) 
and Hoechst (blue). DR-1 is pseudocolored in yellow. Scale bar: 
20 μm. b Relative fluorescence intensity of the fluorescence images 
in a. The results are presented as mean ± standard deviation (n = 3, 

respectively; one-way ANOVA; N.S.: no significant difference; 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). c The con-
focal images of HepG2 cells under different conditions incubated 
with DCFH-DA (5 μM, λex = 504 nm, λem = 529 nm) or FeRhoNox-1 
(5 μM, λex = 492 nm, λem = 575 nm). Scale bar: 20 μm. d The results 
are presented as mean ± standard deviation (n = 3). Significant differ-
ences (***p < 0.001 vs apoptosis group) are performed by Student’s 
t-test.
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of approximately 90% in the ferroptosis group (Fig. 5b). In 
addition, the levels of Fe(II) and ROS of HepG2 cells in 
the apoptosis group induced by CCCP were significantly 
lower than those in the ferroptosis group, as detected by 
FeRhoNox-1 (Fe(II) probe) and DCFH-DA (ROS probe) 
staining[46] (Fig. 5c and d). These findings indicate that 
ferroptosis is accompanied by coexisting Fe(II) and ROS.

Identification of Fe(II) and ROS by DR‑1 In Vivo

In addition to the ferroptosis detection by DR-1 in living 
cells, we also used the probe for in vivo imaging in BALB/c 
nude mice and tumor-bearing nude mice. First, we added 
DR-1 to Eppendorf (EP) tubes containing normal saline, 
FeCl2, H2O2, or FeCl2 + H2O2 solutions, and images were 
obtained using an in vivo imaging system (IVIS Spectrum, 
USA). The EP tube with FeCl2 + H2O2 solution exhibited 
bright fluorescence as shown in Fig. 6a. We embedded PBS, 
FeCl2, H2O2, and FeCl2 + H2O2 in Matrigel solutions and 
these mixtures were intramuscular injected slowly into the 

legs of nude mice. After the intramuscular of DR-1, intense 
fluorescence (λem = 575 nm) was only observed from the 
FeCl2 + H2O2 implants, which reached a maximum value 
after 1.5 h (Figs. 6b, c and S13). The fluorescence from all 
the other implants was similar to the background value. We 
also applied DR-1 for the in vivo imaging with ferroptosis-
induced HepG2 cells in tumor-bearing mice. Ferroptosis was 
induced by intratumoral injection of erastin every 2 days for 
1 week, and then DR-1 was intratumoral injected for in vivo 
fluorescence imaging. Compared with the mice without eras-
tin treatment, the erastin-treated mice showed enhanced fluo-
rescence (λem = 575 nm), indicating the accumulation of Fe(II) 
and ROS during ferroptosis (Figs. 6d and S14). Subsequently, 
the tumors were collected, sectioned, and imaged using an 
automatic digital slide scanner. As shown in Fig. 6e and f, the 
tumor sections with cellular ferroptosis emitted enhanced flu-
orescence at λem = 575 nm. In comparison, the tumor sections 
without erastin treatment exhibited faint fluorescence, which 
was consistent with the in vivo optical imaging results. The 
immunohistochemical results of the tumor sections showed 

Fig. 6   Identification of Fe(II) and ROS by DR-1 in  vivo. a Fluo-
rescence molecular imaging of DR-1 (10  μM) in different reac-
tion systems. b In  vivo verification of DR-1. PBS, Fe(II), H2O2, or 
Fe(II) + H2O2 were embedded in Matrigel, and subcutaneous implants 
were established in nude mice. Fluorescence molecular imag-
ing was initiated after injection of DR-1 (10  mg/kg). λex = 492  nm, 
λem = 575  nm. c The fluorescence intensity of the fluorescence 
images in b. The results are presented as mean ± standard deviation 
(n = 6, respectively; one-way ANOVA; N.S.: no significant differ-
ence; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). d Top: 
whole-body images were acquired after injection of DR-1 (10 mg/kg) 

with HepG2 cells in tumor-bearing mice; bottom: ex vivo fluorescent 
images of tumors from mice. λex = 492 nm, λem = 575 nm. e Fluores-
cence images of tumor frozen sections. DR-1 is pseudocolored in 
green. The sections were visualized using DAPI (blue) for the nuclei. 
Scale bar: 200 µm. f Relative fluorescence intensity of DR-1 for both 
control and ferroptosis samples. The pixel intensity from control 
group is defined as 1.0. The results are presented as mean ± stand-
ard deviation (n = 6). Significant differences (***p < 0.001) are per-
formed by Student’s t-test. g Immunohistochemical staining of GPX4 
and SLC7A11 in tumor section arrays. Scale bar: 20 μm.
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that the expression of GPX4 and SLC7A11[6] in the erastin-
treated group was decreased compared with the control group, 
which further verified the occurrence of ferroptosis within 
the tumor (Fig. 6g). In addition, the presence of GABA in 
protein hydrolysates might be a measure of hydroxyl radicals-
mediated pro-containing peptides degradation [38]. When 
erastin-induced ferroptosis occurred, DR-1 was injected 
intravenously. Subsequently, GABA was detected and its con-
centration peaked at 1 h (Figure S15). Therefore, the in vivo 
fluorescence imaging results also confirmed that DR-1 was 
suitable for the detection of ferroptosis in living animals.

Conclusion

In summary, DR-1 was designed and synthesized as a dual-
response turn-on fluorescence probe for simultaneous Fe(II) 
and ROS detection during ferroptosis. During ferroptotic cell 
death, the upregulation of ROS levels led to the cleavage of 
the quenching group of DR-1, and the aggregation of Fe(II) 
resulted in fluorescence recovery. The fluorescence imaging 
results in vitro and in vivo showed that the fluorescence of DR-1 
could be turned on sharply by the occurrence of ferroptosis. 
Using DR-1, we confirmed that ferroptosis was accompanied 
by noticeable ROS and Fe(II) generation. Owing to its good 
biocompatibility and simple synthesis, DR-1 may be useful for 
the detection of ferroptosis in a wide variety of cells and tissues. 
The distinctive features of DR-1 make this fluorescent probe 
suitable for investigating the ferroptosis process in real time 
and screening agents that either inhibit or induce ferroptosis.
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