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Introduction

Lipid droplets (LDs) are subcellular organelle that reposit neutral lipid in cells and play a key role in many physiological activities, for instance lipid consumption and preservation, protein production, membrane stability as well as dynamic regulation of signal transduction [START_REF] Jin | Motility plays an important role in the lifetime of mammalian lipid droplets[END_REF][START_REF] Olzmann | Dynamics and functions of lipid droplets[END_REF]. It was reported that metabolic diseases, such as diabetes, obesity and cardiovascular disease were closely related to elevated lipid store in LDs [START_REF] Thiam | When and how of lipid droplet diversity[END_REF]. Accordingly, it is of great significance to exploit biological fluorescent probes with excellent optical capabilities for LDs imaging for investigating their physiological function and developing a tool for early diagnosis of related diseases.

Naphthalenone, an aromatic conjugated system containing double rings, is an important chemical raw material and pharmaceutical intermediate. Because of its excellent optical properties and easy synthesis, naphthalenone derivatives have huge potential in the synthesis of fluorescent probes [4]. Fluorescent probes have attracted extensive attention by reason that their adjustable emission color, excellent luminescence performance and easy modification [5]. In recent years, many fluorescent probes have been reported for the specific exploration of LDs, such as Nile red and BODIPY493/503, however in aggregated state these probes experience aggregationcaused quenching (ACQ) effects due to intermolecular π-π stacking [6]. On the side, commercially available probes for detecting LDs exposed poor photobleaching resistance and low signal-to-noise ratio, which limit their adhibition in biological imaging. During the past years, a large amount of aggregation-induced emission (AIE) luminogens have been reported as potential fluorescent probes for organism image [START_REF] Wang | Facile synthesis of Red/NIR AIE luminogens with simple structures, bright emissions, and high photostabilities, and their applications for specific imaging of lipid droplets and image-guided photodynamic therapy[END_REF].

Unlike the strong emission of ACQ in the organic solvent, AIEgens have little or no emission in the solution as the excited state energy is expended in the intramolecular rotation (RIR) [8]. However, once the molecule occurs aggregation process, the intramolecular rotation is effectively limited, and the energy is released in the form of radiative transition, resulting in a significant increase in fluorescence intensity of the aggregated state. Because AIEgens have good luminescence performance and high signal-to-noise ratio, which make up for the shortcomings of ACQ-active luminogens, their application value in biological imaging [9], photoelectric devices [10], information storage components [START_REF] Wang | Aggregation-induced emission luminogens for activity-based sensing[END_REF] and other fields have attracted extensive attention of researchers.

In this study, we found that there was a significant AIE effect in these luminescent materials when the intramolecular rotation of the excited state was limited. By introducing different electron-absorbing groups, the aggregation emission of the derivatives changed from 540 nm to 608 nm. This phenomenon was investigated by dynamic light scattering and theoretical calculation. The consequences revealed that the twisted configuration and condensed state effective RIR should lie behind the AIE effects of CMDP derivatives. Because of their excellent biocompatibility and appropriate lipophilicity, CMDP-CN and CMDP-NO2 can be used as luminogens for particular detection of intracellular lipid droplets and internal imaging of zebrafish yolk liposomes (Fig. 1).

Experimental section

General methods

All reactants and solvents were obtained directly from the appropriate suppliers without further purification. A Hitachi F-7000 fluorescence spectrophotometer was used to collect fluorescence spectra. A Shimadzu UV-2550 spectrophotometer was used to collect UV-vis spectral data. Laser scanning confocal fluorescence microscopy Leica TCS SP8 (Leica, Berlin, Germany) was used to collect the cell fluorescence imaging.

HRMS spectra were acquired on a Bruker micrOTOF-Q II mass spectrometer (Bruker Daltonics Corp., USA) in electrospray ionization (ESI) mode. JNM-ECZ400S spectrometer (JEOL, Tokyo, Japan) was used to record 1 H and 13 C NMR spectra operating at 400 and 100 MHz, respectively.

General procedure for the spectral measurements

The stock solution of CMDP derivatives (1.0 mM) was prepared in ACN. For representative AIE optical measurements, the test solution was prepared by adding 25 μL (1.0 mM) to different acetonitrile/water mixtures with different water fractions (fw).

After being stored at room temperature (25 ℃ ) for 5 min, the fluorescence or absorption spectra were determined.

Fluorescence imaging

Co-localization experiments. The HepG2 cells were firstly incubated with 5.0 μM of CMDP derivatives and BODIPY493/503 (500 nM) at 37 °C for 30 min. Then the cells were washed with PBS twice before imaging.

Wash-free imaging. The HepG2 cells were incubated with CMDP derivatives (5 μM), Nile Red (500 nM) and BODIPY493/503 (500 nM) for 30 min, respectively. After that, the cells were imaged directly using confocal microscopy without washing by PBS.

Fast-staining experiments. The HepG2 cells were washed with PBS twice. After that, the CMDP derivatives in DMEM medium were added to give the final concentration of 5.0 μM. Then the fluorescent images were collected over time.

Zebrafish imaging. Zebrafish embryos were incubated at 27 °C in EM culture medium. After 24~48 h incubation, PTU (75.0 μM) was added into EM culture medium to prevent the formation of melanin, which could keep the fish body optically transparency. For confocal imaging experiments, zebrafish larvae were soaked in 1.0 mL of EM containing CMDP derivatives (5.0 μM) for 30 min. Then the dye-stained zebrafish larvae were washed with fresh PBS solution for three times. The zebrafish larvae were anesthetized by 0.003% tricaine methane sulfonate before confocal imaging.

Synthesis

The synthesis method of CMDP derivatives is shown in Scheme 1. Firstly, Phosphorus Oxychloride and N,N-dimethylformamide reacted for 30 minutes, and then reacted with 6-methoxy-1-tetralone via Vilsmeier-Hacck formylation in 71.0 % yield to obtain compound 1. Further compound 3 was obtained by condensation reaction of 4-nitrophenylacetonitrile with compound 1 in methanol in 90.1% yield. Following similar steps, compound 4 and 5 were synthesized. Specific experimental operations and data are shown in the supplementary information. 

Results and discussion

Synthesis and fluorescence properties

The CMDP derivatives were synthesized via a simple two-step organic reaction.

In order to obtain the near-infrared AIE fluorescent probe with long emission wavelength, three substituents with different absorbability were substituted in the acetonitrile structure (Scheme 1) with 50-81% yield.

Compound CMDP-CF3, CMDP-CN and CMDP-NO2 were completely dissolved in acetonitrile (ACN), and the measured UV-vis spectra peak appeared at 383 nm, 390 nm, and 404 nm (Fig. S1), respectively. The absorption wavelength of gradual redshift can put down to the orderly enhanced the intramolecular charge transfer transition from CMDP-CF3 to CMDP-NO2. Subsequently, the fluorescent properties of CMDP derivatives in the aggregated state were investigated in acetonitrile/water mixtures with different water fractions (fw). CMDP-CN and CMDP-NO2 emitted weak blue fluorescence at 540 nm and 608 nm in ACN solution, whose intensity gradually increased 104-and 40-fold by adding the poor solvent of water into ACN solution from 0 to 80% (Φf = 37% and 19%), at the same time, CMDP derivatives showed a large stokes shift (>140 nm), which prevented the absorption of the luminescence source from and facilitated the application in bioimaging (Table 1). When fw exceeded 80% the relative fluorescence intensity (I/I0) decreases obviously due to the large size of nano-aggregates (Fig. 2A-2D). Furthermore, dynamic light scattering measurements confirmed that the molecular aggregation at fw of 80%, and the particle sizes of CMDP-CN and CMDP-NO2 were 188.7 nm and 410.5 nm, respectively (Fig. S2). This result proved that CMDP-CN and CMDP-NO2 had special AIE behavior. However, compound CMDP-CF3 was non-emissive in ACN/water mixtures (Fig. S3). 

Density functional theory

Density functional theory can be used to construct the molecular geometries of CMDP derivatives in ground (S0) and excited (S1) states respectively to study their emission properties in the dissolved state. As shown in Fig. 3A-C, the molecular geometries of CMDP derivatives in S1 state exhibited discrepancy than those in S0 state, which was presumably because of the flexibility of intramolecular rotatable single bonds. The structural differences after optimization indicated that the structural relaxation of the excited state CMDP derivatives was large, which further promoted non-radiative decay. As a result, the emission of CMDP derivatives in the dissolved state was very weak. The frontier orbital distributions and energy levels of CMDP derivatives were computed (Fig. 3D-F). HOMO was basically located in central portion and at naphthalenone group attached to methoxy-O atom, however LUMO was delocalized at the part containing different electricity-absorbing groups of phenylacetonitrile, which demonstrated that there was an obvious phenomenon of ICT in CMDP-CN and CMDP-NO2. The energy levels of HOMO were computed to be -7.17 eV to -7.20 eV, while the energy levels of LUMO were -1.97 eV to -2.33 eV in the order from CMDP-CF3, CMDP-CN and CMDP-NO2. Their energy gaps between HOMO and LUMO were 5.20 eV, 5.09 eV, 4.87 eV respectively, resulting in their red-shift absorption behavior in solution (500 nm to 608 nm).

Co-localization studies

The biocompatibilities of CMDP-CN and CMDP-NO2 were further assessed by the method of MTT assay (Fig. S4). When the concentration of CMDP-CN and CMDP-NO2 was respectively enhanced to 10 µM, the cell viability was still more than 85%, which exhibited they possess good biocompatibilities and no noticeable inhibitory 

Zebrafish imaging

Given the selective LDs imaging of CMDP derivatives, we chose zebrafish as the experimental model to explore CMDP derivatives' imaging capability in vivo. Three days after fertilization, the yolk sac has lots of neutral lipids that provides energy for zebrafish larval growth, seeing it is an ideal model for researching the lipid-associated diseases [START_REF] Zheng | Simultaneous dual-colour tracking lipid droplets and lysosomes dynamics using a fluorescent probe[END_REF][START_REF] Artola | Functionalized cyclophellitols are selective glucocerebrosidase inhibitors and induce a bona fide neuropathic gaucher model in zebrafish[END_REF][START_REF] Kooij | Small-molecule activity-based probe for monitoring ubiquitin C-terminal hydrolase L1 (UCHL1) activity in live cells and zebrafish embryos[END_REF][START_REF] Breuer | A great catch for investigating inborn errors of metabolism-insights obtained from zebrafish[END_REF]. The zebrafish were observed after incubated with CMDP-CN and CMDP-NO2 for 15 mins and were imaged rapidly via CLSM. As shown in Fig. 6, intense yellow and red fluorescent signals were basically originated from zebrafish.

Hence, the above imaging outcome indicated that CMDP-CN and CMDP-NO2 can stain zebrafish, which had huge possibility in detecting lipid production and consumption. 

Conclusion

In conclusion, we constructed a series of novel AIEgens through a facile hybridization of naphthalenone and phenyl acetonitrile with different substituents. The AIE property of the CMDP derivatives was put down to effective inhibition of RIR in the aggregation state. Because of the unique AIE nature and the appropriate lipophilicities, CMDP-CN and CMDP-NO2 could characteristically stain LDs in cells even without washing. Moreover, in vivo staining of zebrafish was also obtained by employing CMDP derivatives. This study not only provided a simple strategy to construct functionalized AIEgens, but also enlarged their bio-imaging applications for lipid.
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 1 Fig. 1. Structure and rationale of CMDP derivatives for lipid droplet detection.
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 1 Scheme 1. Synthetic routes to CMDP derivatives.

Fig. 2 .

 2 Fig. 2. Fluorescence intensity responses of CMDP-CN (A) and CMDP-NO2 (C) in ACN/water mixtures with varied fw at room temperature. The relative fluorescence intensity of I/I0 of CMDP-CN (B) and CMDP-NO2 (D) versus fw. The final concentration of the probe was 20 μM. Inset: picture of CMDP-CN (B) and CMDP-NO2 (D) in ACN/water mixtures under 365 nm UV irradiation.

Fig. 3 .

 3 Fig. 3. Optimized structures of (A) CMDP-CF3, (B) CMDP-CN and (C) CMDP-NO2 in the S0 and S1 states. The distributions of HOMO and LUMO molecular orbitals of (D) CMDP-CF3, (E) CMDP-CN and (F) CMDP-NO2 were calculated by DFT method.

  effect was observed on HepG2 cells. Due to the internal lipophilic environment of LDs, neutral luminogens with high lipophilic properties usually accumulate in the LDs of living cells. In recent years, efforts have been made to construct fluorescent probes to detect LDs, whose molecules are shown in Table S1[START_REF] Zhao | Facile construction of boranil complexes with aggregation-induced emission characteristics and their specific lipid droplet imaging applications[END_REF][START_REF] Fan | Lipid droplet-specific fluorescent probe for in vivo visualization of polarity in fatty liver, inflammation, and cancer models[END_REF][START_REF] Yin | Hybridization of triphenylamine and salicylaldehyde: A facile strategy to construct aggregation-induced emission luminogens with excited-state intramolecular proton transfer for specific lipid droplets and gram-positive bacteria imaging[END_REF][START_REF] Song | A rationally designed polarityviscosity sensitive probe for imaging lipid droplets[END_REF][START_REF] Wu | A near-infrared AIE probe for super-resolution imaging and nuclear lipid droplet dynamic study[END_REF][START_REF] Ni | The unusual aggregation-induced emission of coplanar organoboron isomers and their lipid dropletspecific applications[END_REF][START_REF] Liu | STED nanoscopy imaging of cellular lipid droplets employing a superior organic fluorescent probe[END_REF][START_REF] Ye | Deep imaging for visualizing nitric oxide in lipid droplets: discovering the relationship between nitric oxide and resistance to cancer chemotherapy drugs[END_REF][START_REF] Guo | A novel NIR probe for detection of viscosity in cellular lipid droplets, zebra fishes and living mice[END_REF][START_REF] Yu | A family of highly fluorescent and membrane-permeable bis(BF2) acyl-pyridinylhydrazine dyes with strong solidstate emission and large stokes shifts: The BOAPH fluorophores[END_REF]. However, in order to optimize the application of lipid droplet probes in biological systems, some improvements are needed to reduce background fluorescence, improve signal-to-noise ratio and shorten culture time. For purpose of doing that the excellent AIE properties of CMDP derivatives were used as selective probes for LDs in HepG2 cells. The fluorescent bioimaging experiments of CMDP-CN and CMDP-NO2 were evaluated by co-localization experiments using the commercial LDs reagent (BODIPY 493/503) as reference. HepG2 cells were hatched with CMDP-CN, CMDP-NO2 and BODIPY493/503 for 30 min, as shown in Fig. 4, the strong fluorescent signals with different colors from CMDP-CN and CMDP-NO2 channel were watched, which accurately superimposed with the signals originated from BODIPY 493/503. The Pearson's coefficient was calculated to be 0.98 and 0.88 for CMDP-CN and CMDP-NO2, respectively, showing that CMDP derivatives could image LDs characteristically in living cells.

Fig. 4 .

 4 Fig. 4. Confocal fluorescence microscopic images of HepG2 cells. HepG2 cells incubated by probe CMDP derivatives (5.0 µM) and BODIPY493/503 (500 nM). Scale bar: 10 µm.
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 4 Wash-free imaging and fast-staining experimentsNon-flushing imaging of organelles can simplify the staining process and dynamically monitors the morphological changes of organelles in situ. Thanks to CMDP derivatives' individual luminescence performance in the aggregated state, we evaluated their imaging ability without washing (Fig.5A). Interestingly, a strong fluorescence signal of CMDP derivatives was observed from LDs, which was almost indistinguishable from the rinsed image. However, the cells solidified with commercial probes BODIPY 493/503 or Nile red produced significant background interference. The high signal-to-noise ratio imaging of the unwashed CMDP derivatives can be attributed to the significant increase in emission when the molecule aggregates in LDs. This nonflushing imaging method not only simplifies the steps of cell imaging experiments, but also provides a feasible approach for monitoring the morphology of LDs in situ.

Fig. 5 .

 5 Fig. 5. (A) Confocal images of HepG2 cells stained with CMDP derivatives (10.0 µM), BODIPY493/503 (200 nM) and Nile red (200 µM) without washing. Time-dependent images of CMDP-CN (B) (5.0 µM) and CMDP-NO2 (C) (5.0 µM). Scale bar: 10 µm. The time-dependent staining rates of CMDP-CN and CMDP-NO2 on lipid droplets were studied. As shown in Fig. 5B-C, weak yellow and red fluorescent signals from the LDs leaded off being observed when the cells were cured with CMDP-CN and CMDP-NO2 for 0 min respectively. After 5 minutes of cell incubation, the fluorescent signals were clearly visualized, suggesting that abundant luminogens aggregated in LDs. The remarkable fluorescence increase may be ascribed to the aggregation of CMDP derivatives in LDs, and rotation within the molecule was effectively limited. This special fluorescent turn-on probe indicated that CMDP derivatives could serve as ideal candidates for tracking the LDs morphology in situ.

Fig. 6 .

 6 Fig. 6. Confocal images of zebrafish stained with CMDP-CN and CMDP-NO2 (5.0 µM). Scale bar: 100 µm.

Table 1

 1 Photophysical properties of CMDP derivatives.

	AIEgen		Solution a			Aggregation b	HOMO[eV] LUMO[eV] Eg[eV]
		λabs	ε	λem	Φf	λabs	Φf		
		[nm]	[M -1 cm -1 ]	[nm]	[%]	[nm]	[%]		
	CMDP-	383	15649	500 0.04	390	1	-7.17	-1.97	5.20
	CF3								
	CMDP-	390	15388	540 0.09	385	37	-7.17	-2.08	5.09
	CN								
	CMDP-	404	15784	608 0.02	380	19	-7.20	-2.33	4.87
	NO2								
	a) In acetonitrile solution (20 μM); b) In acetonitrile/water mixtures with fw of 80%;
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