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and after generation, are transported to the cytoplasm and grow up via
fusion of LDs or combining with neutral lipids other than LDs. They are
highly dynamic and interact with various intracellular organelles,
including ER, mitochondria, lysosomes, and nucleus [5-8]. Growing
research suggested LDs were relative to many metabolic disorders such as
fatty liver, arteriosclerosis, and even cancer [6,9]. Therefore, monitoring
lipid droplet number, size, morphology as well as dynamic processes is
crucial for the understanding and treatment of related diseases.

To realize the real-time observation of LDs in situ and study their
versatile physiological functions [10,11], fluorescence imaging, espe-
cially structured illumination microscopy (SIM) imaging, provides a
powerful approach with high spatial-temporal resolution [12,13]. LDs
are highly heterogeneous organelles, that vary in number, size as well as
composition. They are very different in diverse kinds of cells, or even
within the same cell [14], which requires LD probes with high brightness
and excellent selectivity for precise staining of even tiny nascent LDs
[15]. Moreover, LDs show high dynamics inside the cells. Realizing
long-term observation of LDs dynamics and their interaction with various
organelles, high photostability, and multi-color LD probes are in high
demand [16,17]. Especially for LD dyes in the red region which can
reduce phototoxicity to biological samples and light scattering, and
eliminate the interference of biological background fluorescence [18,
19], they proved susceptible to photobleaching and the types are limited
yet [20-24].

Several methods have been developed to extend the wavelength of LD
dyes (Fig. 1). Three LD dyes with different colors of Lipi-Blue, Lipi-Green,
and Lipi-Red were obtained by varying the intensities of the electron-
acceptor and electron-donor by Ueno and co-workers [25]. This
method is dependent on the choice of donor and acceptor, and the tar-
geting of the dye is not controllable. The other method to extend the dye
wavelength was based on the expansion of the conjugation system.
Klymchenko and co-workers expanded n-bridge of D-n-A by methine
obtaining a series of dioxaborine-containing merocyanines which cover
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the visible spectrum and the near-infrared region [26]. Similarly,
expanding z-bridge of D-1-A by aromatic ring also increases the dye
wavelength [20,27-29] (Fig. 1). Nevertheless, these strategies signifi-
cantly increase “calculated log P” (Clog P), which is not conducive to the
stability of the molecules, the selectivity of staining, and achieving dy-
namic imaging of LDs. Systematic research has shown that reducing Clog
P can effectively improve the stability of LD dyes [30]. Unfortunately,
existing red LD probes cannot meet this requirement well.

In this paper, we reported a red-emission fluorescent probe LD 688P
for LDs dynamic imaging based on a strategy of D-n-A-x to extend the dye
conjugation system (Fig. 1). The commercial dye LD 688 has an appro-
priate Clog P but a short wavelength. In comparison with LD 688, LD
688P, in which the benzene ring was incorporated into one side of the
acceptor, red-shifted the absorption and emission wavelengths by delo-
calization of electrons in the excited state, allowing the whole molecule
to remain perfectly planar. A slight increase in the Clog P value was more
conducive to the accumulation of LD 688P in LDs and improve the im-
aging signal-to-noise ratio [30]. LD 688P exhibited remarkable envi-
ronmental sensitivity and photostability for LDs staining. By using SIM
imaging, we monitored the fusion of LDs, including continuous LD fusion
in a large cluster and an orderly LD fusion in a small cluster.

Firstly, LD 688P was synthesized according to the method reported in
the literature [31] (Fig. S1). Then the UV-Vis absorption and fluores-
cence spectra of LD 688 and LD 688P were investigated in solvents with
different polarities (Fig. 2a and S2, Tables S1 and S2). Compared with LD
688, LD 688P exhibited longer wavelengths both for maximum absorp-
tion and maximum emission. With increasing solvent polarity from
chloroform to water, the absorption and emission of LD 688P red-shifted
to a longer wavelength as a result of the intramolecular charge transfer
(ICT) (Tables S1 and S2). A linear relationship between maximum
emission wavelengths (Aem) vs. the solvent polarity parameters (Er (30))
both for LD 688 and LD 688P was observed (Fig. 2b), while LD 688P
proved to be more environmentally sensitive due to its larger slope. It
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Fig. 1. Different strategies for developing red-emission LD-dyes.
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Fig. 2. (a) Absorption and fluorescence Spectra of LD 688P (5 uM) in solvents of different polarity. (b) Fitted curve of the maximum of emission wavelength of LD 688
vs. solvent polarity parameters: Ey (30). Inset: Fitted curve of the normalized emission wavelength maximum vs. Er (30). (¢) Quantum yields of LD 688P in diverse
solvents. (d) Optimized molecular of LD 688 and LD 688P in Sy, and the corresponding HOMO and LUMO distribution in S;.

was also clearly observed that LD 688P displayed noteworthy strong
emissions in the solvents with weak polarity and high hydrophobicity
(DCM: ¢ = 0.29), almost no fluorescence emission in water (¢ = 0.002)
(Fig. 2a and c and Table S2), enabling the desired fluorogenic properties
of the probe.

For making further efforts to understand the spectral properties of LD
688 and LD688P, we compare the electronic configuration properties of
the ground and excited state for both LD 688 and LD 688P employing

quantum chemistry calculations. These two compounds displayed fine
planar structure and showed significant charge transfer in the excited
state. Particularly, the electron density of the conjugated system adjacent
to the acceptor.

(the red dotted circle region) changed drastically, which showed no
electron delocalization in the ground state, but the opposite in the excited
state. It was the introduction of the benzene ring that expanded the
electron delocalization system of the molecule in the excited state,

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132



O 00 NOUL A WD =

Ll
= O

W. Jiang et al.

producing a large wavelength red shift. Further, the CT distance (dcr)
[32] used to evaluate the degree of intramolecular charge transfer (ICT)
was obtained. It was observed that the dcr of LD 688P (4.569 1°\) was
larger than that of LD 688 (4.193 f\), with a larger Stokes shift (A)),
revealing that LD 688P showed a more significant ICT character. In
addition, LD 688P exhibited greater oscillator strength(f). These results
suggest that LD 688P is more prominent than LD 688 in some aspects
such as the degree of ICT.

Based on the above photophysical properties of LD 688P, we expect it
can be used for wash free imaging of living cells. Firstly, we performed
co-staining experiments on LDs in living HeLa cells (Fig. 3a). The cells
were incubated with LD 688P and BODIPY 493 for 30 min, and then the
pictures were recorded under confocal fluorescence microscopy without
the washing steps. Strong fluorescence was observed from LD 688P with
negligible background interference and the fluorescence from which can
be overlapped with BODIPY 493 with a Pearson's R value as high as 0.96.
We attribute this low-background imaging to two major reasons: one is
that LD 688P possesses suitable lipid solubility with a Clog P value of 5.4,
which is very selective for lipid droplets [30]. Another is that the
excellent environmental sensitivity of LD 688P plays a key role. The
fluorescence of LD 688P only turns on in the weakly polar and aprotic
microenvironment like LDs, avoiding the interference of imaging back-
ground caused by non-specific staining.

Before conducting the following experiments, we investigated the
biocompatibility of LD 688P. From the MTT experimental results
(Fig. S4) we found that > 90% of HeLa cells survived after 24 h (20 pM LD
688P incubation), demonstrating the low toxicity of LD 688P towards
cultured cell lines, ensuring that LD 688P is a suitable LD probe for im-
aging of living cells.

To investigate the fluorescence properties of LD 688P in LDs, the
spectra in situ were collected. It can be observed that different regions
exhibit the same spectra (Fig. 3b), with a maximum emission wavelength
of approximately 620 nm, indicating that LD 688P is a red-emitting LD-
dye.
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To enable long-term observation of LD dynamics, the photostability of
LD-dyes is critical. Especially for red-emitting dyes, photobleaching is
particularly severe because flexible conjugated chains are easily attacked
by singlet oxygen. Therefore, we explored the stability of LD 688P under
confocal fluorescence microscopy. The photostability of LD 688P was
evaluated by the repeated acquisition of confocal images in the identical
region (Fig. 4). The HeLa cells were incubated with LD 688P (1 pM) for
1 h before imaging. It was observed that LD 688P displayed good pho-
tostability under the excitation of a 543 nm laser. After continuous im-
aging, the fluorescence intensity of the probe remains about 80% of its
initial intensity. On the contrary, the commercial dye LD 540 is quickly
bleached (Fig. S5). It could be observed that the LDs in the enlarged area
were still clearly visible after continuous imaging, ensuring that LD 688P
has the potential to observe LD dynamics for a long time. We speculated
the introduction of a rigid benzene ring increased the stability of the dye
while increasing the wavelength.

LDs are highly dynamic cellular organelles whose size reflects the
ability of adipose tissue to store lipids and is closely related to the
occurrence of metabolic diseases such as obesity, diabetes, and fatty liver
[33,34]. Fusion of LDs regulated by various factors will increase LD size,
which can reveal new physiological functions of LDs. The above results
show that LD 688P is a highly selective and photostable LD-dye. Then we
use LD 688P for SIM imaging to observe the interaction between LDs in
real time. LDs are widely distributed in cells, and we accidently observe
that LDs have large clusters at the pole of the cell, and small clusters of
LDs are distributed in the middle of cells. For these two phenomena with
significantly different numbers of LDs, we performed long-term imaging.
In a region with large clusters of LDs, multiple fusion processes of LDs
were observed accompanied by LD enlargement and an increase in LD
brightness (Fig. 5a, Movie S1). The diameter of an LD increased by nearly
four times through five fusions with adjacent LDs (Fig. 5b). Similarly, in
the area of small clusters of LDs, LDs also undergo multiple fusions.
Interestingly, a seemingly regular phenomenon that two LDs fused with
adjacent LDs in a centrosymmetric manner was observed (Fig. 5¢, Movie

s
=}
=}
(=]

LD 688P

550 600 650 700
Wavelength/nm

Fig. 3. (a) Confocal imaging of HeLa cells stained with LD 688P (1 pM) and BODIPY 493 (0.5 uM) and the Pearson's coefficient. Scale bar: 10 ym. (b) In situ spec-

troscopy of LD 688P in LDs plot by multiple regions. Scale bar: 10 pm.
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Fig. 4. (a) Confocal images of LDs stained with LD 688P (1 pM) within 210 s. Scale bar: 10 pm. (b) Relative fluorescence intensity changes of enlarged region in living
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Fig. 5. SIM imaging of LD 688P (1 uM) in living HeLa. (a)SIM imaging of multiple fusions of LDs. Scale bar: 5 pm. (Scale bar for enlarged images: 1 ym) (b) Plot of lipid
droplet diameter vs. time during fusion. (c) SIM imaging of fusions of LDs in a centrosymmetric manner. A simple schematic diagram was in the inset. Scale bar: 5 pm.

(Scale bar for enlarged images: 1 pm).

S2). In region 1, the six LDs gathered together to form a parallelepiped.
Over time, the two LDs in the lower right corner and the upper left corner
fused twice according to the route shown in the inset of the figure,
implying that the fusion of LDs may have a specific orientation. In
addition, four LDs fused almost simultaneously within 5s and were
observed in region 2, which indicated that the fusion rate of LDs was
extremely fast and required high temporal resolution of the LDs imaging.

Supplementary data related to this article can be found at https://doi.
org/10.1016/j.gce.2022.07.002.

In conclusion, we have developed a strategy to construct long
wavelength D-n-A-n type LD-dyes, modifying commercial dye LD 688 to
obtain LD 688P, in which the incorporated benzene ring increased the
wavelength by delocalization of electrons in the excited state. Compared
with LD 688, the maximum emission wavelength of LD 688P was red-
shifted by 53 nm. Additionally, LD 688P proved to be highly selective
and photostable for tracing LD dynamics by super-resolution microscopy.
The phenomenon of multiple consecutive fusions and fusions in a
centrosymmetric manner was observed. We believe that this strategy
provides an option for the construction of longer emission dyes.
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