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Lipid droplet (LD) fluorescent imaging plays an important role in the detection of lipid-related diseases.
Due to their poor photostability and low hydrophobicity of currently available LD imaging fluorophores,
LD imaging is limited by its short imaging period and low imaging contrast. Herein, we reasonably de-
signed a highly lipophilic compound Cou-Flu with excellent photostability and excimer-monomer tran-
sition property. It exhibited weak excimer emission in cytoplasm, but strong monomer emission in LDs,
enabling high contrast LD imaging and LD movement tracing in cells. Zebrafish imaging study demon-
strated that Cou-Flu was also suitable for in vivo LD detection with excellent sensitivity. We anticipate
that Cou-Flu could be widely applied to understand LD-related intracellular activities and even LD-related

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Lipid droplets (LDs) are dynamic complex organelles and a typ-
ical LD is composed of a phospholipid monolayer and a neutral
lipid core [1,2]. Known as lipid reservoirs to provide essential en-
ergy for normal physiological functions in cells [3,4], LDs are also
closely associated with many lipid-related diseases. For example,
an increasing number of LDs has been found in obesity, fatty liver,
diabetes, and various cancers (e.g., colon, cervical, liver, and brain
cancers) [5-8]. Thus, the development of an effective tool to mon-
itor LDs in living organisms (such as cells and animal models) in
real-time holds great promise for scientific bio-research and health
care.

Due to its high sensitivity and spatiotemporal resolution, fluo-
rescence imaging has become a promising tool for visualizing cel-
lular dynamics [9]. Up to date, many fluorescent probes have been
commercialized for LD staining, such as Nile Red, BODIPY 493/503,
LipidTox Red, Oil red O. Among these probes, lipidTOX Red and Oil
red O are limited for fixed cells only. In comparison, Nile Red and
BODIPY 493/503 are more suitable for imaging LDs in living cells
and animal models due to their low toxicity [10,11]. Nevertheless,
these two probes still have some intrinsic drawbacks. For exam-
ple, Nile Red suffers from low molecular lipophilicity. As a result,
besides LDs, it also stains other organelles (particularly ER, Golgi,
mitochondria, etc.) in real practice [12,13], yielding a high back-
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ground fluorescence and low signal-to-noise ratio of LDs in liv-
ing cell imaging [14]. Despite it having a more hydrophobic con-
jugated aromatic structure (dipyrromethene-boron difluoride) [15-
17], which provides stronger affinity to LDs, the “Achilles’ heel”
of BODIPY 493/503 is its small Stokes shift (~10nm) and photo-
bleaching effect [18-20]. Small Stokes shift will cause severe self-
absorption phenomenon and thus weaken the fluorescence. Mean-
while, its low photostability may hinder the continuous monitoring
of the dynamic processes of LDs in real time. Nevertheless, in the
last decade, much effort has been devoted to develop more effi-
cient LD probes, such as metal complexes [21,22] and AlE-active
compounds [23-25]. In 2015, Ir(Ill) complexes were reported to la-
bel LDs with great photostability and large Stokes shift. But their
relatively low hydrophobicity and values of lop (octanol-water par-
tition coefficient, 1.7-2.1) lead to low selectivity to LDs [21]. In or-
der to improve the selectivity, a series of AlEgens were designed
and applied for LD imaging. Although these AIE fluorophores have
great hydrophobicity and excellent selectivity, their LD imaging
sensitivity is still too low due to the aggregation-enhanced emis-
sion (AEE) effect, which increases the background signal of cyto-
plasm [11]. Therefore, it is highly desired to develop an imaging
probe with both high LD selectivity and high sensitivity for LD
imaging.

Thus, we proposed to design a new fluorophore with high pho-
tostability for monitoring LD dynamics in living organisms. To our
knowledge, 7-(diethylamino)coumarin-3-carboxylic acid (Cou) has
been widely used as a fluorescent bioimaging probe due to its
high photostability and fluorescence quantum yield, as well as
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Fig. 1. (a) Structures of Cou-Flu, Nile Red and BODIPY 493/503. (b) Schematic illus-
tration for the excimer-monomer transition of Cou-Flu. In the cytoplasm, Cou-Flu
mainly exists in the form of excimer and emits weak yellow emission. The blue-
shifted photoluminescence along with ~20 times enhancement could be observed
after it was accumulated in LDs as monomer.

facile chemical modification ability [26-28]. However, the relatively
low hydrophobicity of Cou makes it unsuitable to locate LDs with
high selectivity. Therefore, we hypothesized that introduction of
a highly lipophilic group to Cou might significantly increase its
selectivity to LDs. According to the reported studies [29,30], 6-
carboxyfluorescein derivatives unit (Flu) is a further extended aro-
matic system with excellent lipophilicity. Therefore, we are en-
couraged to couple Flu with Cou to construct a highly lipophilic
coumarin fluorophore Cou-Flu (Fig. 1a). As expected, the LD se-
lectivity of Cou-Flu has been significantly improved by comparing
with Nile Red in cellular imaging. Meanwhile, we found that Cou-
Flu only provides weak yellow fluorescence in water but exhibits
a significant blue-shift (~50nm) along with ~20 folds intensity
enhancement after being transferred to organic solvents. Its flu-
orescence enhancement is much higher than that of the BODIPY
493/503 (~7 folds) at similar condition [31]. We verified that this
phenomenon can be attributed to the polarity-induced excimer-
monomer transition, as a result of the formation of H-aggregate.
In contrast with the reported AlEgen, the H-aggregate of Cou-Flu
does not exhibit the AEE effect, making it more sensitive in liv-
ing organism imaging by reducing the background signal in the
cytoplasm. Besides that, Cou-Flu also showed higher photostability
than BODIPY 493/503, which can be explained by the accumula-
tion of Cou-Flu hinders its destruction by free radicals of oxygen.
As shown in Fig. 1b, Cou-Flu could effectively image LDs in com-
mon living cells, while it mainly maintained the excimer form in
the cytoplasm with a weak signal. Upon accumulation in the LDs,
the fluorescence intensity of Cou-Flu increased significantly, which
is attributed to its excimer-monomer transition. Moreover, endoge-
nous LDs in zebrafish can also be detected by Cou-Flu with excel-
lent sensitivity.

We synthesized probe Cou-Flu with four steps and an over-
all yield of 69%, as shown in Scheme S1 (Supporting informa-
tion). Compound 3 was obtained from commercially available 6-
carboxyfluorescein (2) according to the reported method [32]. We
initially treated compound 4 with N-Boc-ethylenediamine to afford
compound 5 in great yield (98%). After that, 5 underwent a depro-
tection reaction with trifluoroacetic acid (TFA) to yield compound
6, which condensed with 3 at room temperature to afford probe
Cou-Flu in middle yield (78%). All the structures of compounds

Chinese Chemical Letters 34 (2023) 107613

[)

2y S9.0
;10 o PBS Hz0 CH:CN EtOH DMSO ;-’ CHsCN % 2.5 510 20 40 80
> >
=80 B
S | S 6.01
E60{/ < CHsCN %
8.0 =" 8 e
J 24 5
S 4.0 : ——CHiCN < 3.0 —10
8 h ~20 folds. = EtOH 8 20
8 201 | DMSO 2 —40
e v = ="
2 o0 = 00, -
T o - . - — =0
450 500 550 600 650 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

C 120 d
axy 8.0
321004 3.88 pmol/L
= T(80%) = 0.86 ns
@ 6.04
880 i T(2.5%) =8.71 ns
= B,
£ Ch \
g 60 E : ‘-\
[ 204 - i
F 404 .
oL
0.1 1 10 100 10 20 _30 40 50 60
e Concentration (umol/L) f Time (ns)
z 4.04 Excitation 681 m CouFlu []
& Emission 6.4 @ Nile Red 6.71
2 A BODIPY 493/503
@ 3.0 6.0
g
2 Q56
£ 201 e
@ 252
g (8] A
@ 1.0 484 5.01
(s} L]
@ 44 462
2o
S 350 400 450 500 550 600 650 700 4.0 T
e 300 450 600 750 900

Wavelength (nm)

Molecular weight (Da)

Fig. 2. Fluorescence spectra of Cou-Flu (a) in different solvents, and (b) in
2.5%—80% CH3CN-water mixtures (lex =430nm). Inset: photos of the correspond-
ing solution under 365nm irradiation by a handheld fluorescent lamp. Concen-
tration: 25 mmol/L. (c) Critical aggregation concentration (CAC) of Cou-Flu in 2.5%
CH;3CN fraction aqueous solution. (d) Time-resolved fluorescence decay of Cou-Flu
in 80% CH3CN fraction aqueous solution (Aex=405nm, Aepm=480nm) and 2.5%
CH5CN fraction aqueous solution (iex =405nm, Aem =530nm). (e) The excitation
and emission spectra of Cou-Flu monomer (80% CH3;CN, shadows) and H-aggregates
(2.5% CH3CN, solid lines). (f) ClogP values of Cou-Flu, Nile Red, and BODIPY 493/503.

were characterized with electrospray ionization-mass spectrometry
(ESI-MS), TH NMR and 3C NMR (Figs. S1-S6 in Supporting infor-
mation).

Subsequently, the absorption spectra of Cou-Flu were measured
in solvents with various polarities, including water (H,0), phos-
phate buffer saline (PBS), acetonitrile (CH3;CN), ethanol (EtOH), and
dimethyl sulfoxide (DMSO). As shown in Fig. S7a (Supporting in-
formation), the centers of the main absorption peaks (~430nm) of
Cou-Flu were very close in different solvents, but relatively lower
intensities were observed in the polar environment (H,O and PBS),
which might be attributed to the aggregation of Cou-Flu in aque-
ous solutions. We also found the fluorescence emission wavelength
is solvent polarity-dependent (Fig. 2a). In detail, in aqueous solu-
tions, weak broad signals centered at 530 nm were observed. While
in organic solvents, the peak was shifted to 480 nm along with a
20-fold increase of fluorescence intensity. The fluorescence analy-
sis on the Cou and Flu independently show that Cou is the main
fluorophore with excellent dispersity in both polar and non-polar
solutions (Figs. S7b and c in Supporting information), while Flu is
non-fluorescent at the same condition and shows a higher ClogP
value (5.08) than common self-assembling ligands, such as Py-OH
(3.46), Py-COOH (3.61) and PBI (4.26) (Figs. S7d-g in Supporting
information). As a result, the fluorescence ‘turn-on’ phenomenon
of Cou-Flu should be associated with the molecular aggregation of
its Flu fragment.

Given the fact that no unit in Cou-Flu was related to fluores-
cence change mechanisms of internal charge transfer (ICT), aggre-
gation induced emission (AIE), Forster resonance energy transfer
(FRET), or excited-state intramolecular proton transfer (ESIPT), we
reasonably presumed that this phenomenon might be induced by
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either excimer-monomer transition or chemical factors (structure-
change). To determine the main affecting source, all the samples
were characterized with ESI-MS. As shown in Fig. S8 (Supporting
information), Cou-Flu exhibited excellent stability in different sol-
vents. Therefore, it is reasonable to speculate that the observed
blue-shift of the emission peaks and the significant increase of the
fluorescence intensity of Cou-Flu are associated with its excimer-
monomer transition, rather than chemical factors. To further inves-
tigate the transition between monomer and excimer in varied po-
larity, the spectra of Cou-Flu were measured in water containing
various amounts of CH3CN. As shown in Fig. 2b, Cou-Flu exhibited
a weak emission maximum at 530nm in the relatively polar en-
vironment (Vcy,cn/Vh,o less than 40%). After increasing the CH3CN
fraction to 40%, the peak positions shifted significantly from 530 to
480nm. At the same time, the fluorescence color of Cou-Flu was
changed from yellow to blue (inset, Fig. 2b), which suggested that
a saturation point was reached where excimers transformed to the
monomeric counterparts.

Next, the critical micelle concentration (CAC) of Cou-Flu in
CH3CN aqueous solution (2.5%, v/v) was measured to track the
formation process of excimer. As shown in Fig. 2¢c, the formation
of Cou-Flu aggregates could be observed at concentrations higher
than 3.88 pmol/L, which was also confirmed by its transmission
electron microscopy (TEM) image at 5 pmol/L (Fig. S9a in Support-
ing information). Additionally, the intramolecular motion would
be restricted in the aggregate state of excimer, which inhibits the
non-radiative decay, thereby facilitating the radiative release of the
photo-excited energy [33]. As a result, a longer fluorescence life-
time of fluorescence dyes should be observed in excimer forms
than in their monomeric counterparts [34,35]. Fig. 2d shows the
fluorescence decays of Cou-Flu excited at 405nm in CH3CN aque-
ous solution with a volumetric fraction of 2.5% or 80%, respectively.
The average fluorescence lifetime of the 530 nm peak was 10 times
longer than that of the 480 nm peak, which further confirmed the
formation of excimer. Meanwhile, to further investigate their spe-
cific aggregate types (H- or J-aggregates), the maximum excitation
and emission of Cou-Flu (25 pmol/L) in above CH3CN aqueous so-
lutions were obtained. As shown in Fig. 2e, the excitation peaks
of both emissions were located at 430 nm, matching the center of
the main absorption peak (Fig. S9b in Supporting information), in-
dicating that the two emissions (480 and 530 nm) were stemmed
from the same ground-state absorption [36]. Moreover, the excimer
emission (2.5% CH3CN fraction solution) exhibited a significant red-
shift (~50nm) compared to monomer emission (80% CH3CN frac-
tion solution), implying that the main form of the excimers in our
research was H-aggregates [37-39].

Additionally, detection selectivity of Cou-Flu towards LDs was
also predicted through computational modeling. It is well known
that LDs feature an inherent lipophilic core, thus excellent hy-
drophobicity and high logP value (>5) are necessary for organic
dyes to specifically locate in LDs [40,41]. Herein, we estimated the
value of ClogP (calculated logP) via ChemDraw Ultra 12.0 software.
As shown in Fig. 2f, Cou-Flu exhibited a higher value of ClogP
(6.71) than the commercial Nile Red (4.62) and BODIPY 493/503
(5.01), indicating that Cou-Flu may have a stronger affinity towards
LDs. Furthermore, the effect of pH on Cou-Flu fluorescence proper-
ties was examined as well. No significant changes in the fluores-
cence spectra were observed when Cou-Flu was incubated in PBS
solutions at pH values ranging from 4.5 to 8.5 (Fig. S10 in Sup-
porting information), demonstrating the feasibility of Cou-Flu for
LD imaging in the physiological environment (pH 5.5-8.0). Subse-
quently, we further compared the cytotoxicity of Cou-Flu with Nile
Red. The results in Fig. S11 (Supporting information) showed that
no distinct inhibition effect was observed in HepG2 cell growth
when the cells were incubated with Cou-Flu, even at a Cou-Flu
concentration up to 100 pmol/L. In contrast, the Nile Red started
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Fig. 3. (a) Confocal fluorescence images of HepG2 cells stained with Cou-Flu
(12 pmol/L, Aex =405nm) for 20 min. Scale bar: 7.5um. (b) Confocal fluorescence
images of Cou-Flu probe (10pmol/L, blue, Aex =405nm) and Nile Red (12 pmol/L,
red, Aex=532nm) co-stained HepG2 cells (with or without oleic acid treatment),
respectively. Scale bars: 10 and 0.1 pm. The yellow arrow indicates the LDs that
can be resolved by Cou-Flu but not by Nile Red. (c) The confocal fluorescence im-
ages of Hela cells stained with Cou-Flu (Aex =405 nm, 10 pmol/L, blue) and BODIPY
493/503 (Lex =488 nm, 10 pmol/L, green) respectively at different irradiation time
(0 or 3 min). Scale bar: 20 pm. (d) Time-dependent FL emission intensity of the cells
in c. I represents cell FL intensity at a certain time point, while I, represents cell FL
intensity at 0 min.

to exhibit obvious cytotoxicity at a concentration of 5 pmol/L.
Moreover, to demonstrate the stability of Cou-Flu in cells, we co-
incubated HepG2 cell lysates with the probe for 4 h. HPLC anal-
ysis of the incubation solution showed that, even in the presence
of the carboxylesterase in cells, chemical structure of Cou-Flu was
inact (Fig. S12 in Supporting information). These results indicated
that Cou-Flu possesses excellent biocompatibility and chemical sta-
bility, enabling it suitable for LD imaging both in vitro and in vivo.

Subsequently, we chose HepG2 cells as the model cell lines
to evaluate living cell imaging performance of Cou-Flu. After the
cells were pretreated with oleic acid (a promoter for LD produc-
tion in the cytoplasm) for 6 h, Cou-Flu was added and confocal
fluorescence images of the cells at different time points (1, 3, 5, 10,
20 min) were recorded. As shown in Fig. 3a and Fig. S13 (Support-
ing information), weak yellow fluorescence signals (excimer emis-
sion) and bright blue fluorescence signals (monomer emission)
could be observed in cytoplasm and LDs, respectively. These results
demonstrated that Cou-Flu has a great permeation ability through
the plasma membrane, thus successfully imaging LDs in cells. To
further confirm whether Cou-Flu could selectively label LDs, Nile
Red was used as a reference dye to perform the co-staining ex-
periments. As shown in Fig. 3b, whether in the presence or in the
absence of oleic acid, both Cou-Flu and Nile red could specifically
target and light up the LDs in HepG2 cells, and an overlap ratio
of more than 90% was obtained between them (Fig. S14 in Sup-
porting information), suggesting that Cou-Flu could be applied as
an effective tool for LD imaging. Moreover, the zoomed-in images
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Fig. 4. Confocal fluorescence images recorded at different time points for track-
ing the dynamic positions of LDs in HepG2 cells by Cou-Flu probe (12 pmol/L,
Aex =405nm). Four pseudo-colors indicate the moving trajectory of LDs at differ-
ent time points (0-3 min). Scale bars: 5pm and 2 pm, respectively.

reveal that Cou-Flu provided more structural details than Nile Red
on the same LDs (Fig. 3b). In detail, Cou-Flu showed 1.7 times (10.8
vs. 6.2) and 2.9 times (9.5 vs. 3.3) higher signal to noise (S/N) ra-
tios than those of Nile Red without or with oleic acid, respectively
(Fig. 3b). These results suggest that our Cou-Flu probe has higher
detection sensitivity and wider dynamic range (i.e., detectable lipid
concentration) than the commercial Nile Red dye for LD imaging.
To further expand the application of Cou-Flu for imaging LDs in
different cell lines, we chose MDA-MB-231, 4T1, MCF-7, MCF-10A,
HeLa and LO2 cells as models to perform co-staining experiments.
As displayed in Fig. S15 (Supporting information), the high coeffi-
cient values range from 0.87 to 0.92 revealed that Cou-Flu could
be widely used for imaging LDs in different cell lines.

Besides imaging sensitivity, photostability is another concern in
the real-time tracking of LDs dynamics. As is known to all, pro-
longed excitation time generally leads to a significant decrease in
the fluorescence intensity of many fluorescent probes. To investi-
gate the photostability of Cou-Flu, commercial LD probe BODIPY
493/503 was employed as a reference. As shown in Figs. 3c and
d and Fig. S16 (Supporting information), the fluorescence inten-
sity loss of Cou-Flu was negligible compared with that of BODIPY
493/503 under successive irradiation at the same power density for
3 min. These results indicate that Cou-Flu has much better photo-
stability than BODIPY 493/503, making it more favorable for real-
time LD tracking.

Owning to its excellent LD selectivity, biocompatibility, and
photostability, we attempted to further explore the capability of
Cou-Flu in imaging cellular LD dynamics. It is well known that
the dynamic movements of LDs in living cells are closely related
to the LD metabolism and intracellular organelle interaction [27].
Therefore, monitoring the changes of LD position in a real-time
manner is of great importance in physiology and pathology. Cou-
Flu was incubated with HepG2 cells, and then the cells were im-
aged under a confocal microscope at different time points (0-
3min). As shown in Fig. 4, Cou-Flu displayed excellent LD dynamic
tracking performance. In addition, known as the energy-storing or-
ganelles in cells, LDs also play an important role in coping with
cellular energy shortage. When cells are under starvation condi-
tions, LDs can provide cells with the necessary energy to survive
through lysosome-mediated autophagy, known as lipophagy [42].
As a proof of concept, we tried to track the process of lipophagy
according to the reported method [43]. Cou-Flu and LysoTracker
Red were co-incubated with HepG2 cell lines, and fluorescence
imaging was performed as the cells were under starvation con-
ditions in different stages. The results in Fig. S17 (Supporting in-
formation) demonstrated that no distinct interactions between LDs
and lysosomes were observed when the cells were under starva-
tion treatment for 15min. With prolonged starvation time (6 or
12 h), a significant overlap of red (LysoTracker Red emission) and
blue (Cou-Flu emission) fluorescence could be observed, indicat-
ing that the process of lipophagy occurred in the cells (Fig. S17).
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Fig. 5. Co-localization imaging of untreated zebrafish (left), and zebrafish stained
with Cou-Flu and Nile Red (right). Aex =405nm for Cou-Flu; Aex =532 nm for Nile
Red. Scale bar: 200 pm.

Based on above results, it is confirmed that Cou-Flu is a promising
organic probe that could be used not only for real-time LD moni-
toring in living cells, but also for observing the physiological pro-
cesses of LDs.

Finally, we investigated the in vivo LD imaging capability of
Cou-Flu on a 4-day-old zebrafish. As displayed in Fig. 5, the control
zebrafish, which has no treatment, exhibited almost no fluores-
cence in both channels (405 and 532 nm) under the laser confocal
microscope. In comparison, when the zebrafish were co-incubated
with Cou-Flu and Nile Red for 24h at room temperature, bright
blue (Cou-Flu fluorescence emission) and red (Nile Red fluores-
cence emission) signals could be observed in the corresponding
channel respectively. Furthermore, the high coincidence degree be-
tween the two channels further confirmed our probe Cou-Flu has
a great potential for tracing LDs in zebrafish.

In summary, we reasonably designed a highly lipophilic
coumarin fluorophore Cou-Flu with excimer-monomer transition
property, which enables it real-time monitoring of LDs both in
vitro and in vivo. It exhibited weak excimer emission in the cyto-
plasm, but much stronger monomer emission turning on in LDs.
In vitro studies demonstrated that polarity-dependent excimer—
monomer transition of Cou-Flu is the key mechanism behind this
phenomenon. Moreover, compared to conventional fluorophores,
Cou-Flu can stain LDs in living cells with higher selectivity, imaging
S/N, and photostability. These features make it beneficial in real-
time LD monitoring and observing the physiological processes of
LDs in living cells. Significantly, in vivo experiments demonstrated
that Cou-Flu has a great potential in visualizing LD metabolism
within living subjects. We foresee that our probe Cou-Flu could
serve as a promising tool to understand LD-related intracellular ac-
tivities, as well as for studying LD-related diseases in the near fu-
ture.
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