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A B S T R A C T   

Ferroptosis, as a new form regulation of cell death discovered recently, is triggered by an iron-dependent 
accumulation of lipid reactive oxygen species and thus closely associated with cellular lipid droplets (LDs). 
However, directly limited by the un-sufficient photostability and low LDs specificity of common fluorescent 
probes, visualization of LDs during ferroptosis process particular in a long-term, in-situ, and real-time manner is 
highly preferred but extremely challenge. To this end, here a new LDs fluorescent probe Lipi-EP featuring with 
outstanding photostability and high LDs specificity have been rationally developed based on the four-ring-fused 
epindolidione. Experimentally, the photostability and LDs specificity of this new probe are much higher than the 
representative LDs probe BODIPY and Nile Red. Consequently, time-lapse multicolor imaging and time-lapse 
three-dimensional imaging employed this new probe have been successfully conducted to in-situ real-time 
monitor the LDs change during ferroptosis process up to 6 h. The morphology changes of cellular organelles (LDs, 
mitochondria and nucleus) and the variations of space distribution of LDs have been impressively visualized. 
Moreover, the sizes and numbers of LDs have been also determined based on the imaging. This work providing 
abundant information of LDs would significantly promote the in-depth study of LDs during ferroptosis.   

1. Introduction 

Cell ferroptosis, newly discovered by Dixon et al. in 2012, is an iron- 
dependent regulation process of cell death being distinct from the 
traditional cell apoptosis, necrosis and autophagy [1]. The recent studies 
demonstrate that cell ferroptosis is driven by inhibiting the lipid repair 
enzyme glutathione peroxidase 4 (GPX4), which would result in sub-
sequent accumulation of lipid-based reactive oxygen species (ROSs) 
generated by lipid peroxidation through Fenton reaction [2]. Lipid 
droplets (LDs), the main cellular organelles storing neutral lipids, are 
thus necessarily associated with the regulation of ferroptosis. As a result, 
the study of LDs during ferroptosis process, particular in-situ reveal the 

change of LDs during such process which would be able to provide 
abundant and real-time information regarding LDs, is highly important 
for discovering the new roles and mechanisms of cell ferroptosis [3]. 

As well known, fluorescence imaging is a powerful method for 
monitoring subcellular behaviors with the ability of in-situ and real-time 
detection. So far, a number of LDs fluorescent probes have been devel-
oped for LDs imaging and dynamic tracking [4–27]. In particularly, 
several of them have been used to study the change of LDs during fer-
roptosis process. For instance, Mao, Liu et al. have developed a 
polarity-sensitive fluorescent probe CQPP for ratiometric fluorescence 
imaging and fluorescence lifetime imaging to discover that the LDs po-
larity would be increased during ferroptosis process [24]. Lin et al. have 
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reported a viscosity-sensitive near-infrared (NIR) fluorescent probe 
BDHT to reveal the increase of LDs viscosity during ferroptosis in an 
in-situ real-time manner by time-lapse fluorescence imaging [25]. Xiao, 
Li et al. have represented a fluorescent probe AIE-Cbz-LD-C7 for 
studying the change of LDs number and the interplay between LDs and 
endoplasmic reticulum (ER) during ferroptosis [26]. Ye et al. have 
developed a bifunctional fluorescent probe for LDs imaging and SO2 
sensing and have revealed the increase of LDs polarity during ferroptosis 
[27]. These LDs reports have significantly promoted the study of fer-
roptosis and provided some new biological insights. Whereas, directly 
limited by the un-sufficient photostability and/or relatively low LDs 
specificity, these LDs fluorescent probes are commonly not capable for 
long-term time-lapse fluorescence imaging. Consequently, monitoring 
the LDs change during ferroptosis in a long-term, in-situ, and real-time 
manner is a highly preferred but an extremely challenge task. 

In this context, we herein would like to represent a new LDs fluo-
rescent probe Lipi-EP based on the four-ring-fused π-conjugated frame-
work epindolidione. Featuring with the advantages of outstanding 
photostability and high LDs specificity, this new fluorescent probe has 
been finely applied in time-lapse multicolor imaging and time-lapse 
three-dimensional (3D) imaging to in-situ real-time monitor the LDs 
change during ferroptosis process up to 6 h. As a result, the morphology 
changes of cellular organelles (LDs, mitochondria and nucleus) and the 
variations of space distribution of LDs have been impressively demon-
strated. Moreover, the sizes and numbers of LDs have been also deter-
mined based on the imaging. This work providing abundant information 
of LDs in multiple perspectives (morphology, space, and metrics) would 
be thus highly attractive for the biological study of ferroptosis. 

2. Experimental section 

2.1. Time-lapse multicolor imaging 

Live HeLa cells were stained in DMEM+ containing Lipi-EP (2 μM) 
and 1 % DMSO for 2 h in a CO2 incubator. Then, the cells were stained in 
DMEM+ containing MitoTracker Deep Red (50 nM), Hoechst 33342 (20 
μM) and 1 % DMSO for 20 min in a CO2 incubator. After washing with 
fresh medium, the cells were incubated with DMEM+ containing erastin 
(10 μM) for imaging. The confocal images were recorded using a Leica 
TCS SP8 microscope with following set: λexc: 405 nm, λem: 415–450 nm 
for Hoechst 33342; λexc: 476 nm, λem: 490–630 nm for Lipi-EP; λexc: 640 
nm, λem: 650–750 nm for MitoTracker Deep Red. 

2.2. Time-lapse 3D imaging 

Live HeLa cells were stained in DMEM+ containing Lipi-EP (2 μM) 
and 1 % DMSO for 2 h in a CO2 incubator. After washing with fresh 
medium, the cells were incubated with DMEM+ containing erastin (10 
μM) for imaging. The confocal images were recorded using a Leica TCS 
SP8 microscope with following set: λexc: 476 nm, λem: 490–750 nm, a z- 
step of 200 nm. The reconstruction of 3D confocal image was obtained 
by the Leica LAS X software. 

3. Results and discussion 

3.1. Molecular design and synthesis 

The design of fluorescent probe Lipi-EP is based on the four-ring- 
fused π-conjugated framework epindolidione. As an analogue of quina-
cridone which is a very famous pigment, epindolidione has been syn-
thesized for the first time at 1934 [28]. After that, the study of 
epindolidione and its derivatives is very limited. Recently, several lit-
eratures have revealed that epindolidione derivatives feature with the 
character of high air stability in the field-effect transistors [29]. These 
reports inspired us to envision that the photostability of epindolidione 
may be also very sound. Taken account of further tuning the molecular 

hydrophobicity and solubility which are critical for selectively labeling 
cellular LDs [23], the tert-butyl groups and propyl chains have been 
introduced to the epindolidione core, thus providing the target fluo-
rescent probe Lipi-EP. 

The synthetic route of Lipi-EP is straight forward (Fig. 1). Starting 
from dimethyl-2,3-dihydroxyfumarate, the condensation with tert-butyl 
aniline under acid condition readily produced the intermediate 2 which 
was further undergone Conrad-Limpach reaction to give the semi- 
cyclized molecule 3. In next step, it is interesting to found that the 
Friedel-Crafts reaction of molecule 3 under the nitrogen atmosphere 
would give the desired molecule 4 while the reaction under the air 
condition would provide the un-expected molecule 5 (i.e. epindolidione) 
without the tert-butyl moieties. At last, alkylation of molecules 4 and 5 
smoothly gave the target fluorescent probe Lipi-EP and its derivative 
molecule 1. For the synthetic details and characterization data, please 
refer to the Supporting Information. 

3.2. Photophysical property 

The photophysical property of fluorescent probe Lipi-EP has been 
investigated in various solutions (Fig. 2a and Table S1). Regarding ab-
sorptions, this probe displays structured spectra corresponding to 
various vibration levels (ν = 0, 1, and 2) of excited state. The absorption 
maxima (λabs) are around 470 nm with molar absorption coefficients (ε) 
of about 1.1 × 104 M− 1 cm− 1. In terms of emissions, the probe shows 
intense green fluorescence with maxima (λem) and shoulders of around 
490 nm and 520 nm, respectively. The absorption and emission spectra 
featuring with the structured character and the solvent polarity- 
insensitive behavior demonstrate that the transition of molecule be-
tween ground state and excited state is belonged to the π→π * type. 
Notably, the fluorescence quantum yields (ΦF) of this probe are good to 
excellent in various solutions, e.g. 62 % in toluene, 98 % in CHCl3 and 90 
% in CH2Cl2. In addition, the fluorescence lifetimes (τ) of this probe have 
been determined to be 8.7–13.0 ns in solutions (Fig. S1). These values 
are significantly longer than the common organic fluorophores (typi-
cally less than 5 ns), revealing the potential application of this probe in 
fluorescence lifetime imaging [30]. The photophysical property of 
reference molecule 1 without tert-butyl groups has also been investi-
gated (Fig. S2 and Table S1). In overall, the absorption and emission 
spectra of molecule 1 are similar to those of probe Lipi-EP, while the ΦF 
and τ of molecule 1 are obviously lower than the probe. 

To deeply understand the transition character of probe Lipi-EP, the 
time-dependent density functional theory (TD-DFT) calculation has 
been conducted. As shown in Fig. 2b, both of the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) are located at the entire four-ring-fused π-conjugated skeleton. 
The first excited state corresponds to the transition of HOMO to LUMO 
(an oscillator strength f of 0.0858). Since the HOMO and LUMO are 
finely overlapped with each other, the π→π * type transition is suggested 
for probe Lipi-EP, which is consist with the before-mentioned spectral 
results. 

3.3. Fluorescence imaging property 

Before imaging experiments, the cytotoxicity of fluorescent probe 
Lipi-EP and its derivative molecule 1 has been evaluated by 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(Fig. S3). With a concentration up to 10 μM, these two molecules 
showed negligible cytotoxicity to living cells within 24 h, which indi-
cated the favorable biocompatibility for long-term fluorescence imag-
ing. In next, the co-staining experiments have been conducted to reveal 
the specificity of this fluorescent probe. The representative mitochon-
dria probe (MitoTracker Deep Red), lysosomes probe (LysoTracker Red), 
nucleus probe (Hoechst 33342) and LDs probe (Lipi-Red was developed 
by our group very recently [22]) have been used for these experiments. 
As shown in Fig. 3, the imaging channel of fluorescent probe Lipi-EP is 
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Fig. 1. Synthesis of the fluorescent probe Lipi-EP and its derivative molecule 1.  

Fig. 2. (a) Absorption and emission spectra of the fluorescent probe Lipi-EP in various solutions. (b) TD-DFT calculation result of the fluorescent probe Lipi-EP.  

Fig. 3. Co-staining imaging of HeLa cells between the fluorescent probe Lipi-EP and the various organelles trackers (mitochondria, lysosomes, nucleus, and LDs); 
scale bar: 10 µm. 
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finely overlapped with that of LDs probe Lipi-Red rather than others. 
The high Pearson’s correlation coefficient value (R = 0.96) between the 
two fluorescent probes confirms the desired LDs specificity of Lipi-EP 
(Fig. S4). 

To further demonstrate its LDs specificity and practical utility, the 
multicolor confocal imaging which is a very powerful tool to study the 
interaction between various cellular organelles has been conducted. 
Taken account of the different emission colors, the green-emissive probe 
Lipi-EP has been pared with Hoechst 33342 (blue-emissive), Lyso-
Tracker Red, MitoTracker Deep Red for the multicolor imaging. As 
shown in Fig. S5, these fluorescent probes can be selectively imaged in 
each channel without cross-talk. The merged image of these channels 
intuitively represents the distributions of cellular nucleus, LDs, lyso-
somes and mitochondria at the same time. Further employing the 
multicolor imaging to reveal the change of LDs and mitochondria during 
ferroptosis process will be illustrated in the following section. 

One important advantage of the fluorescent probe Lipi-EP is its high 
specificity toward LDs. Here, this fluorescent probe has been compared 
with the most representative LDs probe BODIPY and Nile Red. As shown 
in Fig. S6, while BODIPY and Nile Red obviously label membrane 
structure as well besides of LDs, Lipi-EP exclusively stains LDs without 
any other cellular part. To quantitatively evaluate the LDs specificity of 
these fluorescent probes, the division values of fluorescence signal in-
tensities between the LDs and their nearby areas are calculated and 
regarded as the single-to-noise ratios. After 10 times determinations for 
each fluorescent probe, the single-to-noise ratios have been statistically 
calculated to be 354 ± 55, 32.9 ± 2.0, and 14.4 ± 0.6 for Lipi-EP, 
BODIPY, and Nile Red, respectively. Thus, it would be able to state 
that the LDs specificity of Lipi-EP is ten times higher than BODIPY and 
twenty times higher than Nile Red. The outstanding LDs specificity is 
particularly critical for the 3D confocal imaging (vide infra). 

The comparison of LDs staining property between fluorescent probe 
Lipi-EP and its derivative molecule 1 could provide some interesting 
insights into the molecular structure-property relationship. As shown in 
Fig. S7, the LDs specificity of molecule 1 is quite poor. This molecule 
would significantly stain membrane structure as well. Moreover, the 
fluorescence signal of molecule 1 is much lower than Lipi-EP in cell 

imaging. Basically, about 102 times stronger excitation laser is required 
for imaging with molecule 1. Our group has recently pointed out that 
two factors of fluorescent probe should be considered to largely improve 
the LDs specificity: 1) a suitable hydrophobicity with CLogP (the 
calculated n-octanol/water partition coefficient) value of around 6 is 
suggested; 2) a cycloalkyl substituent which has a smaller spatial size 
than a linear alkyl moiety gives better cell permeability [23]. In the case 
of this fluorescent probe Lipi-EP, the introduction of two tert-butyl 
groups to molecule 1 suitably increases the CLogP value from 2.3 to 5.9. 
Moreover, employing the tert-butyl group rather than the linear butyl 
group would provide better cell permeability and thus stronger fluo-
rescence signal for imaging. 

Another important advantage of the fluorescent probe Lipi-EP is its 
high photostability. Under the same intense excitation condition (λex =

488 nm), the photostability of this probe has been compared with LDs- 
Red, BODIPY and Nile Red based on continuously recording the confocal 
images of HeLa cells stained with these fluorescent probes. As shown in  
Fig. 4a, Lipi-EP is very robust under the harsh imaging condition, while 
LDs-Red, BODIPY and Nile Red are photobleached very quickly. After 
recording 300 confocal images, Lipi-EP still maintains 90 % fluorescence 
intensity relative to its initial value. In contrast, the fluorescence in-
tensities of LDs-Red, BODIPY and Nile Red remain below 40 %, 20 % and 
10 %, respectively (Fig. 4b). This comparison highlights the excellent 
photostability of Lipi-EP which is highly desired for time-lapse fluores-
cence imaging [31–34]. It also reveals that the epindolidione would be a 
very attractive fluorophore for constructing new photostable fluorescent 
probes. 

3.4. In-situ real-time fluorescence imaging of LDs during ferroptosis 
process 

The advantages of outstanding photostability and high LDs speci-
ficity of fluorescent probe Lipi-EP enable to perform time-lapse multi-
color imaging as well as time-lapse 3D imaging to in-situ real-time 
monitor the change of LDs of living cells during ferroptosis process. For 
the time-lapse multicolor imaging, the HeLa cells pre-stained with 
Hoechst 33342, Lipi-EP, and MitoTracker Deep Red were imaged with 

Fig. 4. Comparison of the photostability between Lipi-EP, LDs-Red, BODIPY and Nile Red under the same intense excitation condition. (a) Continuously confocal 
imaging of HeLa cells stained with these fluorescent probes; the number 1, 50, and 300 images are shown (scale bar: 5 µm); after recoding 300 images, the wider field 
images are recorded (scale bar: 10 µm). (b) Normalized fluorescence intensity of confocal image plotted as a function of image number. 
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three channels corresponding to nucleus, LDs, and mitochondria, 
respectively, as well as one additional channel corresponding to bright 
field. In a long period of 6 h, 73 multicolor images (i.e. exposure 292 
times under the excitation laser) were repeated recorded with a time 
interval of 5 min. To induce the ferroptosis process, a well-known fer-
roptosis inducer erastin was added to the culture medium of cells. As 
shown in Fig. 5 and Movie S1, the cells are in a normal physiological 
state in the beginning. The morphologies of cells are stretched and the 
mitochondria have filamentous structures. The LDs and mitochondria 
are homogeneously dispersed in cells. After that, the cells and their 
nucleus are gradually contracted under the stimulation of erastin. The 
mitochondria are also shrunken from filamentous structures to short 
rod-like morphologies. The LDs and mitochondria are concentrated at 
around nucleus. After treating with erastin for about 4 h, the cells are 
died and a crowd of vesicles are appeared surrounding the cells. The 
fluorescence signals of Hoechst 33342 and MitoTracker Deep Red are 
lost because these probes would be released out from died cells. During 
the ferroptosis process, the number of LDs are significantly decreased 
(precise determination of LDs numbers will be performed by time-lapse 
3D imaging in the following section). While the LDs would be not 
consumed completely, there are still some ones existed in died cells [35]. 
The size of LDs has been further determined. Their diameters are 
maintained around 600 nm during the ferroptosis process, without sig-
nificant change. This result provides an important insight into the bio-
logical role of LDs during the ferroptosis process. That is the LDs would 
be consumed one by one rather than simultaneously consumed all of LDs 
via deceasing their sizes. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2023.133438. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2023.133438. 

Time-lapse multicolor imaging has provided the morphology infor-
mation of cells and organelles during ferroptosis process, and also 
determined the LDs sizes. Next, time-lapse 3D imaging has been further 
performed to give the space information of LDs and precisely account 
the LDs amounts. Generally, a 3D image is reconstructed from dozens of 
z-stack slices. Time-lapse 3D imaging would thus require thousands of 
imaging scans, which is directly limited by the low photostability of 
common fluorescent probes. The new fluorescent probe Lipi-EP featured 
with the excellent photostability is thus highly desired for this purpose. 
Moreover, the feature of high LDs specificity of Lipi-EP is also critical for 

clearly visualizing the spatial distribution of LDs in 3D imaging. This 
viewpoint has been proved by the poor-quality 3D imaging with BODIPY 
and Nile Red, in which the strong background fluorescence resulted 
from nonspecific staining significantly covers the LDs (Fig. S8). 

For the time-lapse 3D imaging to monitor LDs change during fer-
roptosis process, 73 acquisitions of 3D images of HeLa cells were con-
ducted in 6 h with a time interval of 5 min. Since one 3D image consisted 
of 50 z-stack slices, this time-lapse 3D imaging required up to 3650 
imaging scans. The fluorescent probe Lipi-EP capable of so many im-
aging scans is really impressive. As show in Fig. 6 and Movie S2, the LDs 
are homogeneously dispersed in cytoplasm in the beginning. Upon 
stimulation with erastin, the LDs are gradually aggerated around nu-
cleus due to the contractions of cells. Accordingly, the distribution range 
of LDs is largely decreased in xy plane and significantly increased in z- 
axis. As indicated by the variation range of z-depth color, the z-axis 
range of LDs is around 3 µm at 0 min and obviously increased to about 
7 µm at 240 min. The x, y, and z sizes of LDs distribution (about 
7–10 µm) are comparable to each other at 240 min, revealing that the 
LDs distribution is a ball-shaped structure. This result is consistent with 
the before-mentioned time-lapse multicolor imaging where bright filed 
ball-shaped morphologies of cells are observed at 240 min. Besides of 
monitoring the distribution change of LDs in 3D space, time-lapse 3D 
imaging has been able to precisely study the change of LDs numbers 
during ferroptosis process. The LDs number is largely decreased from 
140 at 0 min to 33 at 360 min in cell 1, and decreased from 102 to 25 in 
cell 2. To get a statistic result of the change of LDs numbers, another 8 
cells have been further studied by a similar time-lapse 3D imaging 
(Fig. S9 and Movie S3-4). In overall, all of these cells display signifi-
cantly decrease of LDs numbers. After 360 min, the LDs numbers are 
decreased to 34 ± 17 % (n = 10) of their initial amounts (Fig. S10). 
Moreover, it is found that the LDs consumption is very fast in the 
beginning 2–3 h of ferroptosis process and then is slow in the following 
period. This result highlights the great utility of this superior fluorescent 
probe for time-lapse 3D imaging, which is very powerful for deeply 
studying the LDs consumption dynamics and detail process [36]. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2023.133438. 

4. Conclusion 

In summary, we have rational developed a new LDs fluorescent 

Fig. 5. Time-lapse multicolor imaging to in-situ real-time monitor the change of LDs of living cells during ferroptosis process; scale bar: 10 µm. The HeLa cells were 
stained with Hoechst 33342, Lipi-EP, and MitoTracker Deep Red. The LDs diameters are determined in the ferroptosis process based on the multicolor imaging. 
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probe Lipi-EP based on the old but rarely investigated fluorophore epi-
ndolidione. The four-ring-fused rigid structure of epindolidione core 
endows this fluorescent probe with the feature of outstanding photo-
stability. Finely tuning the alkyl substitutes on the epindolidione core 
results high LDs specificity which is another feature of this fluorescent 
probe. The outstanding photostability combined with the high LDs 
specificity have largely contributed to the visualization of LDs during 
ferroptosis process in a long-term, in-situ, and real-time manner. For 
instance, time-lapse multicolor imaging has smoothly conducted to 
monitor the morphology changes of cellular organelles (LDs, mito-
chondria and nucleus) and to determine the LDs sizes. Time-lapse 3D 
imaging has been successfully realized to track the variations of space 
distribution of LDs and to account the LDs numbers. These fluorescence 
imaging results providing abundant information regarding LDs in mul-
tiple perspectives (morphology, space, and metrics) have helped us to 
get an important insight into the biological role of LDs during ferroptosis 
process. We expect that this work would significantly promote the in- 
depth investigation of LDs during ferroptosis. In addition, it would 
also inspire the development of new photostable fluorescent probes 
based on the old epindolidione core. 
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