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a b s t r a c t

The application of fluorescent probes for in vivo retinal imaging is of great importance, which could pro-

vide direct and crucial imaging evidence for a better understanding of common eye diseases. Herein, a

group of bright organic luminogens with typical electron-donating (D) and electron-accepting (A) struc-

tures (abbreviated as LDs-BDM, LDs-BTM, and LDs-BHM) was synthesized through a simple single-step

reaction. They were found to be efficient solid-state emitters with high fluorescence quantum yields of

above 70% (e.g., 83.7% for LDs-BTM). Their light-emission properties could be tuned by the modulation of

π-conjugation effect with methoxy groups at different substituent positions. Their resulting fluorescent

nanoparticles (NPs) were demonstrated as specific lipid droplets (LDs) targeting probes with high bright-

ness, good biocompatibility, and satisfactory photostability. LDs-BTM NPs with a large two-photon ab-

sorption cross section (σ 2 =249 GM) were further utilized as ultrabright two-photon fluorescence (2PF)

nanoprobes for in vivo retina imaging of live zebrafish by NIR excitation at an ultralow concentration

(0.5 μmol/L). Integrated histological structures at the tissue level and corresponding fine details at the

cellular level of the embryonic retina of live zebrafish were clearly demonstrated. This is the first report

of using ultrabright LDs-targeting nanoprobes to accurately measure fine details in the retina with 2PF

microscopic technique. These good results are anticipated to open up a new avenue in the development

of efficient 2PF emitters for non-invasive bioimaging of living animals.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lipid droplets (LDs) are the monolayer of amphipathic lipids-

covered organelles in most cells and organisms [1], which

mainly include phospholipids, diacylglycerol, cholesterol, and sph-

ingomyelin [2]. They are normally involved in multiple cellular

functions, such as lipid metabolism, signal transduction, as well

as protein degradation. Besides normal cell physiological functions

[3], LDs are strongly associated with a series of lipid imbalance dis-

eases, such as obesity, cancer, cardiovascular disease, and fatty liver

disease [4]. Thus, LDs are important tools and can provide crucial

information on the complex cascade of cellular events and molec-

ular mechanisms.
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To study significant biological functions and intrinsic mecha-

nisms of LDs for biomedical applications, extensive research has

been conducted based on conventional imaging techniques, such

as Raman microscopy and transmission electron microscopy [5,6].

However, these imaging methods normally require complicated

and time-consuming operation procedures, which still fail in real-

time detection and in vivo monitoring of biological samples. There-

fore, the development of simple and effective imaging methods for

in situ visualization and monitoring of LDs in living cells and ani-

mals is of great importance.

Fluorescence imaging is a widely used imaging technique with

high sensitivity, which enables non-invasive imaging of cell mi-

croenvironment in vitro and complicated biological processes in

vivo [7–16]. Sphingolipids, as one type of LDs species, are abun-

dant in animal retinal lipids [17,18]. They play an essential role

in the development and realization of the visual function of the

https://doi.org/10.1016/j.cclet.2022.107949
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Fig. 1. The synthetic pathway and chemical structures of LDs-BDM, LDs-BTM and

LDs-BHM.

retina and are closely related to the pathogenesis of ocular dis-

eases as well [19,20]. Unfortunately, there are few reports of flu-

orescent materials with specific LDs-targeting features for retinal

imaging [21–24]. Thus, the application of fluorescent probes for

retinal imaging in vivo is of great importance as it can provide

direct imaging evidence for understanding common eye disorders

and diseases, such as diabetic retinopathy [25].

Two-photon fluorescence (2PF) imaging is an indispensable

technique for in vivo imaging due to its near-infrared (NIR) excita-

tion, high spatial resolution, and signal-to-background ratio (SBR)

[26,27]. Nevertheless, many organic fluorescent chromophores suf-

fer from low two-photon absorption (2PA) cross sections (σ 2 <

50 GM, 1 GM=1×10−50 cm4 s photon−1 molecule−1) or from

short wavelength emissions [28,29]. To improve the two-photon

absorption of chromophores, scientists have designed various or-

ganic fluorescent materials based on strong electron-donating (D)

and electron-accepting (A) systems [30,31]. To achieve efficient

light-emission properties and outstanding imaging performance of

materials, researchers have made significant progress in develop-

ing organic fluorescent materials with aggregation-induced emis-

sion (AIE) features [32–41]. Unfortunately, some AIE functional ma-

terials are involved in multistep organic synthesis and a time-

consuming separation process [42–44], which inevitably hinders

their practical bioimaging applications.

With this background in mind, a series of bright lumino-

gens (namely LDs-BDM, LDs-BTM, and LDs-BHM) was designed

and synthesized herein by a one-step Suzuki coupling with sat-

isfactory yield. These molecules (Fig. 1) constructed from 2,1,3-

benzothiadiazole [45,46] core and anisole moieties were found

to be ultrabright emitters with high quantum efficiencies (e.g.,

83.7% for LDs-BTM) in the solid state. Their fluorescence properties

could be regulated by the modulation of π-conjugation effect with

methoxy groups at meta and ortho positions. Their correspond-

ing nanoparticles (NPs) exhibited high brightness, specific LDs-

targeting property, satisfactory biocompatibility, and good photo-

stability. To explore new bioimaging applications, LDs-BTM NPs

with a large σ 2 value of 249 GM were further utilized as ultra-

bright fluorescent nanoprobes for high-contrast 2PF imaging of the

embryonic retina of live zebrafish in vivo. Highly emissive LDs-

targeting nanoprobes were employed for the accurate measure-

ment of fine details of the retina with 2PF microscopic technique

for the first time herein. Therefore, this work is expected to in-

spire new research interests in the development of efficient 2PF

materials for the clinical studies of common ocular disorders and

diseases.

The reported organic luminogens (abbreviated as LDs-

BDM, LDs-BTM, and LDs-BHM) were constructed from 2,1,3-

benzothiadiazole unit and anisole groups (Fig. 1). Based on the

para-substituted molecular skeleton of LDs-BDM, its structural

adducts (e.g., LDs-BTM and LDs-BHM) with more methoxy groups

at meta and ortho positions were designed (Fig. 1). Consequently,

their absorption and emission color could be tuned by structural

optimization. The three organic dyes were simply synthesized

through a single-step reaction from inexpensive commercial

products with satisfactory yields. Their chemical structures were

fully characterized by high-resolution mass spectrometry (HRMS),

nuclear magnetic resonance (NMR), and single-crystal X-ray

diffraction analysis (XRD). The characterization results were given

in Figs. S1-S9 (Supporting information).

All three luminogens showed good solubility in common or-

ganic solvents, such as toluene (TOL), dichloromethane (DCM),

tetrahydrofuran (THF), N,N-dimethylformamide (DMF), and

dimethyl sulfoxide (DMSO), but were found to be insoluble in

water. Absorption spectra of LDs-BDM, LDs-BTM and LDs-BHM

in THF showed peaks at 414, 425 and 389nm, respectively,

which were changed slightly by solvent polarity (Figs. S10-S12

in Supporting information). Their photoluminescence (PL) spec-

tra in solvents with different polarities were also investigated

(Figs. S10-S12). When the solvent polarity was increased from

nonpolar TOL to highly polar DMSO, the emission maxima of

LDs-BDM, LDs-BTM, and LDs-BHM were red-shifted from 527nm

to 563nm, 549nm to 588nm, and 510nm to 541nm, respec-

tively. This phenomenon suggested positive solvatochromism due

to the intramolecular charge transfer (ICT) effect [45]. Notably,

quantum efficiencies of LDs-BDM, LDs-BTM and LDs-BHM in solid

films were measured to be 87.8%, 83.7% and 74.3% (Table S1 in

Supporting information), respectively, which are favorable for

high-contrast bioimaging applications. The lifetimes of LDs-BDM,

LDs-BTM and LDs-BHM in the solid-powder state were measured

to be 8.1, 18.8 and 7.8 ns (Table S1), respectively, revealing the

fluorescence nature of the light emission rather than long-lived

delayed fluorescence or phosphorescence (Fig. S13 in Supporting

information).

To obtain further insight into the effect of molecular structures

on fluorescent emission of LDs-BDM, LDs-BTM, and LDs-BHM, their

single-crystals were grown and analyzed by X-ray diffraction. The

crystal data and the related parameters are shown in Figs. S14-S16

and Tables S2-S4 (Supporting information). As seen from the crys-

tal structures in Fig. 2, LDs-BTM adopted a nearly planar confor-

mation with small dihedral angles of 3.32° and 3.73° between the

2,1,3-benzothiadiazole moiety (P1) and the adjacent phenyl rings

(P2 and P3). Small torsion angles between methoxy groups and

adjacent benzene rings were also calculated to be 5.53°, 7.96°,
10.68°, and 10.96°, respectively. Such a nearly planar conformation

of LDs-BTM molecule favors π-electron conjugation and delocal-

ization. LDs-BTM was packed in the monoclinic space group C2/c,

from which two representative dimers were extracted to study the

molecular packing. Multiple C-H···π interactions were present in

adjacent molecules with short bond lengths (e.g., 2.858, 2.958, and

3.002 Å in dimer 1). It is noteworthy that in LDs-BTM crystals,

the hydrogen atoms of benzene rings and methoxy groups par-

ticipated in intermolecular hydrogen bonding interactions. For ex-

ample, multiple C-H···N and C-H···O interactions existed in crys-

tals with short hydrogen bonding distances (e.g., 2.931 and 2.939 Å

in dimer 1, and 2.765, 3.055 and 3.062 Å in dimer 2). These mul-

tiple interactions between adjacent molecules in LDs-BTM crys-

tals greatly restricted the molecular motions and efficiently sup-

pressed the loss of excited-state energy through nonradiative de-

cay channels, enabling the molecules to emit intense fluorescence

in crystals. Different from LDs-BTM, LDs-BHM adopted a twisted

conformation in the crystal state (Fig. 2). The dihedral angles be-

tween P1 and adjacent P2 and P3 were measured to be 46.67° and
48.62°, respectively, which were much larger than those of LDs-

BTM (3.32° and 3.73°), leading to a remarkable molecular non-

planarity. In contrast, LDs-BDM was in between LDs-BTM and LDs-
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Fig. 2. Crystal structures and representative dimers of (A) LDs-BDM, (B) LDs-BTM, and (C) LDs-BHM with bond lengths.

BHM in terms of dihedral angles (27.41° and 41.57°) and molecu-

lar non-planarity. LDs-BDM and LDs-BHM crystallized in the mon-

oclinic space group P21/n, from which the corresponding repre-

sentative dimers were extracted. Abundant C-H···N, C-H···O, and C-

H···π interactions also existed in the crystal lattice (Figs. 2A and

C). Therefore, the introduction of methoxy groups at meta and or-

tho positions led to significant changes in molecular conformation,

electron conjugation, and crystal packing. Such a successful struc-

tural optimization favors the absorption and emission tuning of lu-

minogens.

For a better understanding of the electronic distributions of

LDs-BTM, LDs-BDM and LDs-BHM at the molecular level, density

functional theory calculations were performed (Fig. S17 in Support-

ing information). The three molecules demonstrated a similar elec-

tronic distribution. For example, the electron clouds of the highest

occupied molecular orbital (HOMO) of LDs-BDM were dispersed on

the whole molecule except methyl groups. In contrast, the lowest

unoccupied molecular orbital (LUMO) of LDs-BDM was mainly con-

centrated on orbitals of the P1 core. The difference in electron dis-

tribution of HOMO and LUMO between LDs-BTM, LDs-BDM, and

LDs-BHM indicated an intrinsic ICT feature, which is consistent

with the experimental phenomenon of positive solvatochromism

shown in Figs. S10-S12.

The bright emission of LDs-BDM, LDs-BTM and LDs-BHM with

high fluorescence yields in the solid state prompted an investiga-

tion of their bioimaging applications [47]. Although they were in-

soluble in water, their resultant NPs could be simply fabricated by

nanoprecipitation. The sizes of their corresponding NPs in aque-

ous solutions were measured by dynamic light scattering (DLS).

The corresponding hydrodynamic diameters were measured to be

104, 119 and 105nm, respectively (Fig. S18 in Supporting informa-

tion). LDs-BDM, LDs-BTM, and LDs-BHM NPs emitted intense fluo-

rescence with high quantum efficiencies of 47.4%, 56.2% and 64.1%,

respectively, making them promising candidates for high-contrast

in vitro and in vivo bioimaging applications.

Fig. 3. (A-L) Confocal laser scanning microscopic images of HeLa cells incubated

with different LDs-probes (A: LDs-BDM, E: LDs-BTM, and I: LDs-BHM) (0.5 μmol/L),

and Nile Red (100μg/mL). Scale bar: 20 μm (A-C, E-G, and I-K); 5 μm (D, H and L).

In vitro cell imaging was conducted using confocal laser

scanning microscopy. After incubation of HeLa cells with the

nanoprobes of LDs-BDM, LDs-BTM, and LDs-BHM for 40min, in-

tense fluorescence in the cytoplasm was observed using the low-

est excitation power (405nm, 0.2% power) at the ultralow working

concentration of 20nmol/L (Fig. S19 in Supporting information).

The result is indicative of their high brightness and satisfactory cell

permeability. To further confirm the intracellular location in live

cells, co-staining tests with a commercial lipid droplet dye (namely

Nile red) were carried out. As shown in Fig. 3, LDs-BDM, LDs-BTM

and LDs-BHM molecules were distributed in HeLa cells similar to

Nile Red. The corresponding co-staining colocalization coefficients
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(Manders) with Nile Red are as high as 0.91, 0.97, and 0.92, respec-

tively. Evidently, LDs-BDM, LDs-BTM and LDs-BHM demonstrate a

specific LDs-targeting feature [48–50].

Normally, the native microenvironment of lipid droplets in

cells is lipophilic, which contains plenty of hydrophobic ingredi-

ents, such as phospholipids, diacylglycerol, cholesterol and sph-

ingomyelin [2]. The relatively high hydrophobicity of organic

molecules favors the specific LDs targeting owing to the law of

similarity and intermiscibility. For a better understanding of the

high specificity of LDs-BDM, LDs-BTM and LDs-BHM for LDs, the-

oretical calculations were carried out using ChemBioDraw 14.0.

Generally, the aqueous solubility of a small molecule depends on

its hydrophobicity or logP (n-octanol/water partition coefficient)

value. Here, ClogP was defined as the calculated logP [51], and the

ClogP values of LDs-BDM, LDs-BTM and LDs-BHM were estimated

to be 5.59, 5.07, and 3.23, respectively. These values were close to

ClogP values of commercial LDs dyes (Lipid Green: 4.07, Nile Red:

4.618, and BODIPY 493/503: 5.028) and other previously reported

LDs probes (SF44: 5.501 and LD 540: 5.996) [52,53], which prob-

ably explains the typical LDs-targeting property of the three LDs

probes.

Then, the cytotoxicity of the LDs-targeting probes was evalu-

ated by measuring the metabolic viability of HeLa cells after incu-

bation at different dye concentrations (0.5, 1, 2, 5 and 10μmol/L).

The cell viability was above 95% after incubation with HeLa cells

for 24h (Fig. S20A in Supporting information), indicating the low

cytotoxicity of the nanoprobes at the tested concentrations. As

photostability is one of the essential prerequisites for bioimaging

applications, the PL intensity was investigated at different time

points. Fig. S20B (Supporting information) illustrates the fluores-

cence changes of new LDs probes and commercial BODIPY 493/503

dye in cells upon irradiation at 405nm after 40 laser scans. All

three LDs probes showed stable fluorescence signals and retained

>94% of their initial fluorescence intensity after laser irradiation

at the same working concentration. In contrast, only 66% of the

initial fluorescence was maintained in BODIPY 493/503 dye. Thus,

LDs-BDM, LDs-BTM and LDs-BHM demonstrated high brightness,

outstanding LDs-targeting property, low cytotoxicity, and satisfac-

tory photostability, which were promising candidates for further in

vivo bioimaging applications.

2PF is a typical photophysical process, which is illustrated in

Fig. S21A (Supporting information). A molecule is excited from the

singlet ground state (S0) to the nth excited singlet state (Sn) by

simultaneous absorption of two lower-energy photons. After the

excitation process, the fluorophore decays to the lowest energy

level of the first excited singlet state (S1) via non-radiative tran-

sitions, followed by the same radiative decay pathway as that of

one-photon process [54]. Compared to LDs-BDM and LDs-BHM,

LDs-BTM emits longer wavelength fluorescence at the same exper-

imental conditions, which is one of the promising candidates for

high-contrast fluorescence imaging. A preliminary study of two-

photon absorption property of LDs-BTM NPs in water was con-

ducted at different excitation wavelengths from 800nm to 900nm

(Fig. S21B in Supporting information). The LDs-BTM aggregates ex-

hibited a strong two-photon absorption peak with the maximum

value of 249 GM under 850nm laser excitation. The two-photon

absorption cross section (σ 2) value of LDs-BTM NPs was higher

than that of traditional dyes, such as fluorescent proteins (e.g. 39

GM for EGFP), BODIPY dyes and other organic fluorescent mate-

rials [28,55,56]. Besides the maximum excitation at 850nm, LDs-

BTM NPs could also be excited at the nearby wavelengths of 820,

840, and 860nm for two-photon LD imaging in live cells at low

concentrations of 0.25, 0.5, and 1.0 μmol/L (Fig. S22 in Supporting

information), which shows great potential for in vivo 2PF imaging.

Zebrafish is a widely used vertebrate model organism, whose

99% of embryonic essential genes are conserved in humans [57]. It

was selected as the animal model for in vivo 2PF imaging of LDs

due to its optical transparency, small size as well as easy availabil-

ity [58,59]. As illustrated in Figs. S23A and S24 (Supporting infor-

mation), intense red fluorescence signals were observed from the

yolk sac of zebrafish at 2–4 days post-fertilization (dpf) after stain-

ing with LDs-BTM NPs (0.25 μmol/L) for 2h. The three-dimensional

(3D) image from the imaging view direction reveals the shape and

depth information of zebrafish (Fig. S23B in Supporting informa-

tion). The yolk sac is an important organ of zebrafish mainly indi-

cated by red color, which stores neutral lipids and polar phospho-

lipids, and supplies nutrients and energy for the growth of ze-

brafish [60]. It is noteworthy that a partial fluorescence signal was

also observed from the eyeball of zebrafish under the same ex-

perimental conditions. The same conclusion was drawn from the

semi-quantitative analysis of the region of interest (ROI) in fluores-

cence images in Fig. S23C (Supporting information). When the dye

concentration of 0.25 μmol/L was utilized for staining, the average

gray values of the yolk sac and eyeballs were calculated to be 79.8

and 50.3, which were much higher than those of the spinal cord

(25.9), the otic capsule (21.2) and the notochord (6.9). Therefore,

the fluorescent LDs-BTM NPs were mainly enriched in the yolk sac

and partly accumulated in eyeballs as well.

As retinal neurogenesis of zebrafish eyes is mostly completed

at 3 dpf [61], 2PF microscopic scanning at different depths was

utilized to obtain integrated details of the embryonic retina. The

lens was used as a reference for a better understanding of the

anatomy of the eyeball. Along the long axis (z-axis) of the lens,

four representative images of the zebrafish eyeball were obtained

(Figs. 4A-D), which revealed the delicate structures of the embry-

onic retina viewed from different directions at various depths from

36μm to 108μm. Other 2PF images of the embryonic retina at

depths from 28μm to 124μm were shown in Fig. S25 (Supporting

information). The signal to background ratios (SBRs) of the 2PF im-

ages at depths of 20, 40, 60, 80, 100, and 120μm were calculated

to be 159.8, 146.6, 139.5, 64.6, 43.6, and 34.3, respectively (Fig. 4E).

The high SBR could be attributed to the remarkable nonlinear op-

tical effect, the high penetration depth of the NIR excitation, and

the strong 2PF signal of the LDs-BTM NPs. The gradual 2PF signal

loss was attributed to the light absorption and scattering by the

tissue of the zebrafish eye. Fig. 4F presented a high-contrast rep-

resentative 2PF image at the penetration depth of 80μm, which

demonstrated an integrated picture of the embryonic retina, in-

cluding the sophisticated histological structures and the fine de-

tails of staggered network-like structures. From the center of the

eyeball to the periphery, the fine structures of lens (le), ganglion

cell layer (gcl), inner plexiform layer (ipl), inner nuclear layer (inl),

outer plexiform layer (opl), outer plexiform layer (onl), and pig-

mented epithelium (pe) could be clearly differentiated [62]. Evi-

dently, LDs-BTM probe exhibited outstanding retina labeling capa-

bility in vivo, different from commercial lipophilic tracers (e.g. DiI,

DiO) used for ganglion cell labeling in vitro [63–65]. After careful

measurement of the high-contrast image, abundant quantitative in-

formation was obtained. The lens was spherical with a radius (r)

of 52.4 μm. The gcl of the embryonic retina was composed of gan-

glion cells, while inl was mainly constructed from the cell bodies

of horizontal cells, bipolar cells, amacrine cells, interplexiform neu-

rons, and Müller cells. The different cellular species in gcl and inl

of the retina could be easily differentiated by their different av-

erage sizes. For example, the average cell size in the selected ROI

in gcl (marked as area a) was measured to be 40.89 μm2, while

the average cell size in the ROI in inl (labeled as area b) was mea-

sured to be 16.04 μm2, which is consistent with previous reports

[62]. The average thicknesses of opl and pe were measured to be

6.5 and 11.1 μm, respectively. Fig. 4G shows the full width at half

maximum (FWHM) of the indicated tiny structure (dotted line c)

in Fig. 4F, which was calculated to be 2.36μm. Therefore, based on
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Fig. 4. (A-D) 2PF images of embryonic retina of zebrafish at 3 dpf in (A) anterior 1/4, (B) middle 1/2, (C) posterior 1/4, and at (D) the bottom of the lens. Viewing from

different directions: α) x–y plane; β) x–z plane; γ ) y–z plane. Scale bar: 50 μm. (E) Attenuation curve of the 2PF signal. (F) Representative 2PF histology image of embryonic

retina of zebrafish. Areas a and b are the ROIs of gcl and inl, respectively. Scale bar: 50 μm. (G) A cross-sectional intensity profile measured along the blue dotted line c in

(F).

the efficient 2PF LDs-targeting nanoprobes, integrated histological

structures at the tissue level and corresponding fine details at the

cellular level of the embryonic retina of live zebrafish were clearly

distinguished. In recent years, numerous luminogens have been re-

ported for LDs imaging with different bioimaging applications [66–

71]. These fluorescent materials are synthesized by multistep re-

actions with complicated chemical structures, while the present

molecule (namely LDs-BTM) can be facilely prepared through a

one-step reaction with a simple chemical structure and specific

LDs targeting feature. Some previous works are hampered by the

intrinsic optical properties of fluorescent materials with low solid-

state fluorescence quantum yields (<15%) and/or short one-photon

excitation wavelengths in the visible region [72–77]. In contrast,

LDs-BTM has a high fluorescence quantum efficiency and long two-

photon excitation wavelengths in NIR region. Furthermore, differ-

ent from commercial labeling agents BODIPY-ceramides with long

incubation periods (normally 2–8h) at high concentrations (ca.

50–100 μmol/L) [24,78], LDs-BTM is a highly efficient LDs probe

with outstanding 2PF property, which enables in vivo high-contrast

retina imaging with a short incubation period (e.g., 2 h) at a low

concentration (e.g., 0.5 μmol/L).

In summary, a series of organic luminogens (namely LDs-BDM,

LDs-BTM, and LDs-BHM) constructed from 2,1,3-benzothiadiazole

core and anisole moieties was designed and facilely synthesized.

All three luminogens showed bright fluorescence in the solid

state with high fluorescence quantum yields of above 70% (e.g.,

83.7% for LDs-BTM). The positions of methoxy group substituent of

dyes significantly influenced their photophysical properties via π-

conjugation effect. Their corresponding NPs exhibited high bright-

ness, specific LDs-targeting feature, satisfactory biocompatibility, as

well as good photostability. Ultrabright LDs-BTM NPs were fur-

ther used as efficient 2PF nanoprobes for in vivo retina imaging

of live zebrafish by NIR excitation at an ultralow concentration

of 0.5 μmol/L. Integrated histological structures at the tissue level

and corresponding fine details at the cellular level of the retina

of live zebrafish were clearly differentiated. The accurate measure-

ment of delicate structures in the embryonic retina with 2PF mi-

croscopic technique is first reported herein with ultrabright LD-

specific nanoprobes. This work is expected to facilitate the devel-

opment of efficient solid-state dyes with outstanding 2PF effect for

non-invasive optical imaging of live animals.
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