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SUMMARY

Parkinson’s disease (PD) is a complex neurodegenerative disease affected by diverse factors, and lipid

droplets (LDs) are increasingly recognized as major players in PD because of their relevance to neuron

activity. However, long-term dynamic changes of LDs and their relative activity remain unclear. Here,

an aggregation-induced emission (AIE) probe named 2-DPANwas prepared and employed to visualize

dynamic processes of LDs in a 6-hydroxydopamine model of PD for the first time, and LDs’ accumula-

tion-peak/plateau-decrease were confirmed. We further found a close relationship between LDs and

variation in mitochondrial activity. Strikingly, the progression of cell death was accelerated by lipase,

whereas pre-stimulation of LDs by unsaturated fatty acid-oleic acid decreased the death process by

inhibiting excessive reactive oxygen species (ROS) and fatty acid production, thereby protectingmito-

chondria. The utilization of 2-DPANdemonstrates the importance of LDs in neuronal homeostasis, and

effective tuning of LDs may prevent or inhibit PD progression.
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INTRODUCTION

Parkinson’s disease (PD) is one of the most common progressive neurodegenerative disorders that usually

occurs in people aged 60 years and above. Characteristics of PD include shaking palsy and involuntary

tremble because of the loss of neurons in the substantia nigra pars compacta (SNpc) and the presence

of Lewy bodies (Damier et al., 1999; Dauer and Przedborski, 2003). The lifetime risk of developing PD is

1.5%–2% and the average survival time is 15 years, which creates a tremendous burden for the patient,

the family, and society. Regrettably, the exact etiology of PD is not well understood (Andreas et al.,

2006; Collier et al., 2011; Lees et al., 2009). The main susceptibility factor is age, and widely investigated

theories of PD neuropathology include mitochondrial dysfunction, oxidative stress, and dysregulation of

lipid metabolism (Gu et al., 2005; Hansruedi, 2009; Shults, 2004).

Lipid droplets (LDs), traditionally recognized as reservoirs of triacylglycerol and cholesteryl ester, have

recently been rediscovered as dynamic organelles involved in lipid metabolism, protein storage, signal

regulation, and apoptosis (Sally and Parton, 2006). In addition, LDs might act as central players in PD pro-

gression. The homeostasis of LDs is highly related to mitochondrial activity and cell states. Mitochondrial

dysfunction and oxidative stress can cause LDs accumulation (Liu et al., 2015). In turn, oxidized lipid metab-

olites promote further mitochondrial dysfunction leading to neuron death and development of PD. Thus,

visualizing LDs in realtime would be of great value in the study of PD. However, there is a lack of tools and

reagents that can trace LDs over extended time periods. Previous studies show that unsaturated fatty acid

(UFA) can inhibit PD progression in both animal models and patients (Bousquet et al., 2008; Hernando

et al., 2019). However, the specific action of UFA on LDs and subsequent effects on mitochondria are

not known. Thus, the real-time monitoring of LD behaviors in PD remains a challenge.

Agents used to monitor LDs include organic fluorophores, such as the commercial agents Nile Red and

BODIPY (Ohsaki et al., 2010; Spandl et al., 2009). Although popular, they have certain disadvantages,

such as low photostability, small Stokes shifts, photobleaching, and aggregation-caused quenching

(ACQ), which limit their use for long-term tracing in live cells and to monitor disease progression

(Daniel et al., 2014; Loudet and Burgess, 2007). Aggregation-induced emission (AIE), a photophysical

phenomenon opposite to ACQ, is of interest because of promising practical applications. Usually, fluoro-

gens with AIE characteristics (AIEgens) have a propeller-shaped configuration, such as siloles and
iScience 21, 261–272, November 22, 2019 ª 2019 The Author(s).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

261

mailto:wangzhiming@scut.edu.cn
mailto:pengmingying@scut.edu.cn
mailto:yangzm@scut.edu.cn
mailto:tangbenz@ust.hk
https://doi.org/10.1016/j.isci.2019.10.027
https://doi.org/10.1016/j.isci.2019.10.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.10.027&domain=pdf
http://creativecommons.org/licenses/by/4.0/


tetraphenylethylene (TPE), and are non-emissive when molecularly dissolved because of their activity of in-

tramolecular vibration and rotation from peripheral free phenyl group, which is the main way to dissipate

the energy of excited states in non-radiative transition process. When they aggregate to nanoparticles or

solid films, these motions would be restricted originating from packing effect, and their emission intensi-

fied remarkable upon because the radiation transition process becomes the dominant mode of energy

release. This mechanism for AIE phenomena is vividly described as the restriction of intramolecular motion

(RIM); sometimes they are classified as the restriction of intramolecular rotation and the restriction of intra-

molecular vibration, which have been proved by systematical experimental investigation and theoretical

simulation (Mei et al., 2015). In addition, a large number of luminescent components form nanoparticles,

and the inner probe molecules can be protected from photobleaching and photooxidation, resulting in

high photostability of the probes. Therefore, it is envisioned that employing AIEgens to probe dynamic

changes of LDs in PD procession could be a promising approach with high sensitivity and stability.

According to our previous report on lipid droplets-targeting 2-(((9H-fluoren-9-ylidene)hydrazono)-methyl)

phenol (FAS) (2-(((diphenylmethylene)hydrazono)methyl) -phenol) (DPAS), we found that keto-salicylalde-

hyde hydrazine (KSA) derivatives usually exhibit typical AIE-activity with excited-state intramolecular pro-

ton transfer characteristics (Zhang et al., 2019). Unlike the common AIEgens based on RIM process via pack-

ing effect as described earlier, KSA usually forms additional six-membered ring structures in the

aggregated state with the aid of intramolecular hydrogen bonding, which activates the RIM and then gives

rise to fluorescence enhancement. What’s more, these KSA-based probe molecules with some hydrophilic

ability enter cells more easily than simple aryl derivatives (such as TPE), and they could effectively recognize

specific organelles through introducing some appropriate targeting modification (Hu et al., 2018; Wang

et al., 2016, 2018a, 2018b; Zhao et al., 2017). In this study, we prepared a DPAN-based probe, 2-DPAN,

by inserting a 2-naphthalene group instead of phenyl group for enhancing luminous efficiency, which could

selectively target and accumulate in cellular LDs and emit bright green fluorescence. Combining high pho-

tostability and excellent biocompatibility, it has potential for studying dynamic LDs changes in a 6-OHDA-

induced model of PD. Importantly, we report real-time dynamics of LDs after stimulation: LDs rapidly accu-

mulated in the first stage, then reached a plateau in the second stage, and they were released from

damaged cells, lastly. At the same time, the correlation between LDs and mitochondria was investigated

at selected intervals and showed a negative relationship between LDs and mitochondrial activity in the first

II phases. In addition, lipase was used to study the effect of inhibiting LD accumulation on cell activity, and it

caused even worse damage to cells. When cells were pre-treated with oleic acid (OA), the newly generated

LDs slowed the cell death progress. We further showed that inhibition of PD progression was achieved by

protecting mitochondria through the inhibition of reactive oxygen species (ROS) production and excessive

fatty acid synthesis (Scheme 1). Our results indicated that controlling the equilibrium of LDs can have a pos-

itive effect on the protection of cells in 6-OHDA-induced PD and that 2-DPAN is a promising tool to dissect

the relationship between LDs and PD progression.
RESULTS

Synthesis and Photophysical Properties of 2-DPAN

With reference to our previous reports on the structure-properties relationship of KSA-based derivatives and the

performance requirements of probes for PD research, we designed and prepared 2-DPAN as an LD-specific

probe, where the introduction of a 2-naphthalene group effectively increased the luminescence efficiency in

the aggregate state (Zhang et al., 2019). The detailed procedure for its synthesis and characterization are given

in Figures 1A and S1. Aggregates gradually formed by the addition of a poor solvent (water) to a good solvent

(tetrahydrofuran [THF]), giving rise to significantly improved photoluminescence (PL) intensity (the plot of I/I0),

indicative of AIE-activity (Figures 1B and 1C).Moreover, we have investigated the stability of 2-DPANat different

organic solvents and pH solutions. As shown in Figures S1B and S1C, there were no significant changes in PL

spectra and I/I0, illustrating high stability of the molecular structure in 2-DPAN. At fraction of water (fw) = 99%,

its fluorescent intensity reached a peak with a quantum yield of 7.1%, indicating that excellent fluorescence per-

formance wasmaintained in an aqueous environment. Similar tomost AIEgens based on the excited-state intra-

molecular proton transfer process, the 2-DPANpeak was at approximately 550 nmwithout significant shift when

the external environment changes (fw). Such a stable emission peak is very beneficial for long-term monitoring

comparedwith donor acceptor (D-A) fluorescent probes (some blue/red-shift is usually observedwhen the polar

environmentchanges, e.g., forNile-red).Asa typical keto-emission, a largeStokes shift (139nm)betweenabsorp-

tion and emission peaks (Figure 1D) was also observed, and self-absorption was efficiently avoided in the bio-

imaging field (Wang et al., 2018a, 2018b).
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Scheme 1. Real-Time Monitoring LDs’ Behaviors in 6-OHDA-Induced PD Model Using 2-DPAN as a LDs-Specific

Probe
Photostability, Specificity, and Biocompatibility of 2-DPAN

To develop 2-DPAN for tracking PD progression, first its specificity, photostability, and biocompatibility

were investigated. For investigating LD-specific probes, OA is suitable for inducing cells to produce

more LDs for co-staining experiments. Here, SH-SY5Y cells were employed and pre-co-cultured with OA

(1 mM) for 6 h to make LDs more visible. Subsequently, these cells were co-stained with the commercial

product (Nile Red) and 2-DPAN. Under a confocal microscope for 20 min with 60 scans (laser density of

99%), the fluorescent intensity of 2-DPAN-dyed cells did not diminish, whereas more than 95% of signal

was lost from the Nile Red group, indicating excellent photostability of 2-DPAN (Figure 1E). As shown in

Figure 1F, the LDs in cells were clearly visible under confocal microscopy following excitation at wave-

lengths of 405 nm (for 2-DPAN) and 532 nm (for Nile Red), and Pearson colocalization efficiency was

96%, illustrating a high specificity of 2-DPAN for labeling LDs (Figures 1G–1I). In addition to this advantage

of specificity in labeling of LDs, there was little leakage phenomenon in 2-DPAN thanNile Red, which would

usually penetrate other organelles with time. The stability and specificity of 2-DPAN is, therefore, superior

to the commercial dye. Moreover, 2-DPAN also exhibited good biocompatibility even with a very high

working concentration (5 mM) (Figure S2A). Thus, the excellent performance of 2-DPAN makes it a prom-

ising probe for extended tracing of the PD process.

Dynamic Monitoring of LDs in a PD Model

The involvement of LDs in disease is increasingly appreciated (Liu et al., 2015), which stimulated our interest

in investigating dynamic changes of LDs in PD. We first examined the long-term photostability and toxicity

of 2-DPAN by real-time monitoring of LDs in SH-SY5Y cells by co-culture under confocal microscopy. As

shown in Figure S3, there were no significant changes in LD fluorescence or LD accumulation during the

observation period. In addition, the cells maintained normal shapes and steady fluorescence with time,

demonstrating that 2-DPAN can be visualized and monitored for extended periods.

Second, we established a 6-hydroxydopamine (6-OHDA)-induced PD model in SH-SY5Y cells (model de-

tails can be seen in Figures S2B and S2C). In control, non-PD model cells, few LDs were observed and

the number did not change over time (Figure S3). However, in 6-OHDA-induced PD model cells, the num-

ber of LDs and their size increased over the initial 100 min after 6-OHDA treatment (Figures 2A and 2B).

Furthermore, the fluorescent intensity from LDs (stained by 2-DPAN) increased logarithmically (Figure 2B),

indicating rapid accumulation of LDs, which was consistent with reported LD formation in the early stage of

apoptosis (Boren and Brindle, 2012). The shape of LDs and cellular pseudopods also varied at this initial

stage. In the next period from 100 to 210 min, cells suffered from severe deformation as LD numbers
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Figure 1. Characterization of 2-DPAN

(A) Synthetic route of 2-DPAN. See also Figure S1.

(B) Photoluminescence spectra of 2-DAPN in tetrahydrofuran (THF)/water mixtures with different water ratios. ([2-

DPAN] = 10 mM. Excitation wavelength at 405 nm).

(C) Plots of I/I0 versus water fractions of 2-DPAN, where I0 is the emission intensity in THF.

(D) The absorption spectra and photoluminescence spectra of 2-DAPN with Stokes shift of 139 nm.
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Figure 1. Continued

(E) Photostability of 2-DPAN and Nile Red (commercial LDs tracker) under exposure to 405 and 565 nm laser with

increasing number of scans (power intensity of 99%), respectively. Cells co-stained with 2-DPAN and Nile Red.

(F) Bright field.

(G) Red fluorescence collecting channel for Nile Red.

(H) Green fluorescence collecting channel for 2-DPAN.

(I) Merge imaging, the SH-SY5Y cells were pre-induced by OA for 6 h, where the concentration of OA was 1 mM.)
reached their peak, indicating that LDs accumulation occurs before cell changes and that LDs may be a po-

tential target for halting PD progression.12,15 After co-culture for 300 min, cells mostly lost their shape and

the number of LDs decreased substantially. After 24 h of incubation with 2-DPAN and 6-OHDA, cells were

seriously damaged with few LDs; however, these remaining LDs displayed strong fluorescent intensity,

illustrating the ultralong labeling ability of 2-DPAN (Figure S4) and the close relationship between LDs

and cell death. We further assessed the effects of 2-DPAN on 6-OHDA-induced cells to eliminate any

adverse effects; there were negligible effects on the cell model, illustrating the excellent labeling charac-

ters of 2-DPAN (Figure S2D). The changes in LDs numbers, which took the pattern accumulation-plateau-

release, were associated with cell viability, further indicating the high correlation between LDs and PD

progress.

6-OHDA-Induced Changes between Mitochondria and LDs

Mitochondrial damage is widely regarded as a key factor in PD progression and is notably advanced by

accumulation of lipid and cholesterol oxidation products (Kinghorn and Castillo-Quan, 2016). Mitochon-

drial dysfunction then results in increased synthesis of lipid from excess fatty acid, generating more LDs

(Lin and Beal, 2006). Here, we monitored the correlation between LDs and mitochondria at selected inter-

vals and showed the negative relationship between them and the mitochondrial activity (mitochondrial cell

membrane and shapes). To visually address the dynamic relationship between LDs and mitochondria, LDs,

mitochondria, and nuclei were co-stained using 2-DPAN, Mito Tracker, and Hoechst 33342, respectively.

Imaging data were collected every 30 min during 300 min in 6-OHDA PD model cells. Regrettably, the

observed region could not be fixed to a certain area because of low photostability (photobleaching effect)

and toxicity of the commercial dyes (Mito Tracker and Hoechst 33342). Therefore, an alternative strategy

was attempted. The probe with stable optical properties (2-DPAN) was used in continuous in situ observa-

tion mode, and the other optical probes were only applied before the test. We monitored corresponding

changes in mitochondria, as shown in Figure 3A. LDs fluorescent intensity increased with mitochondrial

dysfunction and cell damage, and then LDs fluorescent intensity decreased with increasing mitochondrial

defects and cell death. More importantly, we found that all LDs were in close proximity to mitochondria

during the 6-OHDA-induced process; the overlap of LDs and mitochondria was above 60% (Figure 3B),

illustrating potential transfer of energy and fatty acids between them, and similar findings have been

described by Rambold et al. (2015). The viability of cells was highly correlated with mitochondrial activity

and LDs status. We also monitored mitochondrial membrane potential. As shown in Figures 3C and 3D,

the fluorescence emission shifted from red to green with time, indicating transfer from JC-10 dimer to

JC-10 monomer. These results indicated the loss of mitochondrial membrane potential during the

6-OHDA-induced process.

To further investigate the correlation between changes to LDs and mitochondria, we studied the variation

of fluorescent intensity by flow cytometry. As shown in Figure 4A, cells were initially intact with visible fluo-

rescence from LDs and mitochondria. After 300 min, cells were shrunken with weak fluorescence. Detailed

changes are shown in Figures 4B and 4C. LDs (405 nm excitation, 505–560 nm emission) and mitochondrial

fluorescence (561 nm excitation, 560–595 nm emission) in 6-OHDA-treated cells showed a similar trend, in-

crease-plateau-decrease, which was consistent with the above-mentioned results. The LDs accumulation

process proceeded when the mitochondrial activity was decreasing, illustrating that excess lipid in LDs

may be synthesized from the damaged mitochondria. Then with cell deformation, LDs rapidly lost their

fluorescence (Figure 4C). In addition, the relationship between mitochondria and LDs in PD progression

was not completely linear but mirrored the cell state.

Induction or Inhibition of LDs Has Opposite Effects on PD

The aforementioned results were encouraging. The enhancement or reduction of LD accumulation causes

mitochondrial protection or dysfunction, respectively, resulting in inhibition or enhancement of the PD
iScience 21, 261–272, November 22, 2019 265



Figure 2. Dynamic Changes of Lipid Droplets in 6-OHDA Induced PD Model

(A) Fluorescence images of LDs in 6-OHDA induced cells at varied times. See also Figures S2 and S3.

(B) LDs number, LDs size, and mean fluorescent intensity of LDs (analyzed by Zen software in Confocal Microscopy).

(Excitation wavelength at 405 nm, and the growth curve from 0 to 320 min with step of 10 min; the represented images

were selected at every 30 min in Figure 2A).
process. Here, OA (to stimulate more LDs) and lipase (to decompose LDs) (Figure S5) were employed to

investigate changes in LDs and cell viability in the PD process. Lipase was pre-cultured with cells for 6 h

before 6-OHDA was added. It significantly accelerated cell demise, and fewer LDs were present. Cells

were seriously damaged and lost their viability (Figure 5A). In contrast, when cells were pre-treated with

OA, an obvious increase in the number of LDs and effective inhibition of the 6-OHDA-induced PD process

were observed (p < 0.01). After 150 min, OA-treated cells retained their original shape, showing superiority
266 iScience 21, 261–272, November 22, 2019



Figure 3. LDs and Mitochondrial Changes in 6-OHDA-Induced Cells

(A) Confocal fluorescence images of 6-OHDA-induced PD cells at varied time. (Co-stained with 2-DPAN for Green, Mito

Tracker for Red, and Hochest 33342 for Blue). See also Figure S4.

(B) Quantification of the correlation between green signal (LDs) and red signal (mitochondria) during 6-OHDA-induced

PD process. n = 4, data are represented as mean G SEM.

(C) Confocal fluorescence images of JC-10 labeled cells in 6-OHDA-induced PD cells at varied times (Ex/Em: Green,

488 nm/525–540 nm; Red, 543 nm/590–700 nm).

(D) Fluorescent intensity changes monitored by a fluorescence microplate reader (Green, Ex/Em = 490/525 nm; Red, Ex/

Em = 540/590 nm.). n = 4, data are represented as mean G SEM.
over other groups. The cell viability (Figure 5B) and fluorescent intensity of LDs (Figure 5C) were also inves-

tigated, indicating the protective effect of OA and destructive effect of Lipase on the PD model. In addi-

tion, we added lipase or OA in the logarithmic phase of LDs accumulation period to inhibit/induce LDs syn-

thesis. Surprisingly, we found that lipase can significantly accelerate cell demise (p < 0.01) with fewer LDs.

Cells were seriously damaged and lost their viability soon (Figure S5C). There was negligible effect of OA
iScience 21, 261–272, November 22, 2019 267



Figure 4. The Fluorescent Intensity Changes of Mitochondria and LDs by Imaging Flow Cytometry

(A) Representative fluorescence images of mitochondria and LDs at (i) 30 min, (ii) 150 min, and (iii) 300 min.

(B) Fluorescence diagram of flow cytometry at (i) 30 min, (ii) 150 min, and (iii) 300 min.

(C) Quantitative mean fluorescent intensity of LDs and mitochondria every 30 min during 300 min in 6-OHDA-induced

process.
on PD progress. Overall, the lipase increased fatty acid hydrolysis and consumption, disrupted membrane

integrity, dysregulated lipid metabolism, and accelerated cell death. In contrast, OA increased the number

of LDs, which provided a protective effect for cells from 6-OHDA. These results hint that augmenting LDs

would inhibit PD progression.
The Potential Protective Mechanism of Pre-OA in the 6-OHDA-Induced Model of PD

We then tested whether pre-stimulation of LDs was specific for protecting mitochondria or reducing oxidative

stress in 6-OHDA-induced injury. To address this issue, differences in LDs and mitochondria distribution be-

tween pre-OA-treated and untreated groups were investigated. A significantly increase in LDs number, size,

and fluorescent intensity (p < 0.01) occurred in cells pre-incubated with OA (Figures 6A and 6B). The overlap

of LDs and mitochondria in pre-OA treated and control groups were then investigated. OA was first stored in

LDs in close proximity to mitochondria. When 6-OHDA was introduced, LDs size and fluorescent intensity

declined in the pre-OA group. Simultaneously, the Pearson coefficient efficiency of LDs and mitochondria
268 iScience 21, 261–272, November 22, 2019



Figure 5. The Effects of Lipase and OA on 6-OHDA-Induced PD Cells

(A) Visual images of cells pre-cultured with OA (1 mM) for 6 h, and then treated with 6-OHDA (Pre-OA); pre-cultured with

lipase for 6 h, and then treated with 6-OHDA (Pre-lipase); treated only with 6-OHDA (6-OHDA).

(B) Cell viability of different groups, data are expressed as means G standard deviation of triplicate determinations.

All groups were compared with the 6-OHDA treated group. n = 4, data are represented as mean G SEM. *p < 0.05.

**p < 0.01.

(C) Mean fluorescent intensity of LDs in different groups. n = 4, data are represented as mean G SEM.

See also Figure S5.
and ROS production were significantly lower in the pre-OA group compared with the 6-++OHDA-only treated

group (p< 0.01), illustrating a prominent inhibition of fatty acid (FA). Furthermore, a significantly decrease of ROS

(Figure S6) was also found in the pre-OA treated group, illustrating that a combined protection effect was

achieved by inhibiting both FA and ROS synthesis. In contrast, high levels of LDs and ROS were formed in

the untreated group. Furthermore, the LDs were in close proximity to the mitochondria in the 6-OHDA-treated

group, with a high mitochondria and LDs overlap value (>0.7), indicating sustained production of LDs and ROS

(FigureS6). Theoxidative stress further aggravatedmitochondrial dysfunction and accelerated cell injury in the 6-

OHDA-treated group. We also employed antioxidants (astaxanthin, Asx) to clear ROS and prove the excessive

ROS hypothesis. Asx could significantly improve the cell viability (Figure S5D). Thus, pre-OA may protect cells

from 6-OHDA-induced death by reducing ROS and LDs production to protect mitochondria. Similar results

have been observed in animal experiments with UFA providing a protective effect against PD; however, there

was a lack of tools to explore the relationship among UFA, LDs, andmitochondria (Carole et al., 2010; Hernando

et al., 2019).We have shown that the photostable AIEgen, 2-DPAN, can be used to address these issues, andour

results indicate the possible mechanism of UFA protection for PD.
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Figure 6. The Potential Relationship between LDs and Mitochondria

(A) The distribution of LDs and mitochondria in cells pre-treated with OA for 6 h, then treated with 6-OHDA and captured

at 0, 30, 150 min under confocal microscopy. (Green for LDs using 2-DPAN, Red for mitochondria using Mito tracer, and

Blue for cell nucleus using Hochest 33342.).
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Figure 6. Continued

(B) LDs numbers, LDs size, mean fluorescent intensity of LDs, and the overlap areas (Pearson coefficient) between LDs and

Mitochondria at 0, 30, 150 min of pre-OA treated group and control (untreated) group. Data are expressed as means G

standard deviation of triplicate determinations. n = 4, data are represented asmeanG SEM. *p < 0.05; **p < 0.01; n.s., not

significant. See also Figure S6.
DISCUSSION

An ultra-stable AIEgen probe, 2-DPAN, was synthesized for monitoring the behavior of LDs in 6-OHDA-

induced PD model cells. Luckily, the LDs’ dynamic change process with three phases of

accumulation-plateau-decrease was first reported, and this trend was highly correlated with mitochon-

drial disruption by detail imaging experiment. After introducing lipase and OA to inhibit or

stimulate LDs, respectively, we surprisingly found that lipase could seriously injure cells and accelerate

the PD process. In contrast, OA pre-treatment significantly prevented cell death by inhibiting

excessive ROS and augmenting LD formation to protect mitochondria. These results indicate that

the real-time behavior monitoring of LDs was very important and necessary in the 6-OHDA-

induced PD early prevention process, and the AIEgens represented by 2-DPAN may be an useful tool

for studying LD-related diseases owing to their excellent specificity, photostability, and

biocompatibility.
Limitations of the Study

The AIE probe 2-DPAN presented here is able to label LDs in vitro vividly with high stability and for

ultralong time, and we found the dynamic changes of LDs in 6-OHDA-induced PD progress. In

addition, we also found the close relationship between mitochondria and LDs in PD cells. The probe

further verified the importance of LDs homeostasis in PD progress. We believe our study will be a great

appeal to researchers in probe designing, cell biology, and neuroscience. Owing to the complex

structure and depth of brain, the LDs changes in SNpc and SN area have not been monitored. Future

work should be carried out on living animals. In addition, as saturated fatty acids and UFAs have different

effects on human’s PD progress, the uptake of UFA may exert its effect on LDs maintenance in living PD

animals.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.10.027.
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Supplemental Figures 

 

 

Figure S1. The characterization of 2-DPAN, Related to Figure 1. 

(a)1H-NMR spectra of the 2-DPAN. (b)The photoluminescence spectra of 2-DAPN in different organic solvents. (c) Plots of I/I0 vs water 

fractions of 2-DPAN at different pH value, where I0 is the emission intensity in THF. 

 

 

Figure S2. Cytotoxicity of 2-DPAN and 6-OHDA on SH-SY5Y cells after co-cultured for 24 h, Related to Figure 2.  

Cell viability of the 2-DPAN (a), Cell viability (b) and LDH release rate (c) in the supernatant of SH-SY5Y cells with varied 6-OHDA 

concentrations. (d) The effect of 2-DPAN on 6-OHDA induced PD cells. 

 



 

Figure S3 Images of LDs in blank cells at varied times (Excitation wavelength at 405 nm, Scale bar = 20 μm, and the growth curve from 0-320 

min with step of 10 min, the represented images were selected), Related to Figure 2.  

 

 



 

Figure S4. Confocal images of 6-OHDA induced cells for 24 h, related to Figure 3. 

 (a) 2-DPAN was co-cultured with cells for 24 h. (b) Cell nuclear stained with Hochest 33342 for 10 min in advance. (c) The merged images of 

(a) and (b). 

 

 

Figure S5. Cell viability of different treatment groups, related to Figure 5. 

Cell viability of (a) Oleic acid with different concentrations. (b) Lipase with different concentrations, the lipase activity is 300,000 U/g.(c) Cell 

viability of different groups. Lipase and OA were added in the LDs accumulation stage in PD progress (at 30 min after 6-OHDA added). (d) The 

cell protection effect of antioxidation (astaxanthin, Asx) on 6-OHDA induced PD model. 

 

 

Figure S6. Quantitative of ROS in control and pre-treated OA in 6-OHDA induced PD model, related to Figure 6.  

(a) Confocal images of cells co-cultured with DCFH-DA at different time intervals. (b) Mean DCF fluorescence in pre-OA and 6-OHDA treated 

groups in selected time intervals. Data are expressed as means ± SEM. *p < 0.05; ** p < 0.01. 



Transparent Methods 

Synthesis 

The synthesis of compound 1 was carried out as previously reported [11e]. Benzophenone from cheap commercial product was refluxed with excess 

hydrazine hydrate in ethanol for 4 h to afford white needle crystals of M1 in 95% yield after cooling to room temperature. The Compounds M1 

(7.85 g, 40 mmol) and 1-hydroxy-2-naphthaldehyde (7.23g, 42 mmol) were dissolved with THF, ethanol and 2 drops of glacial acetic acid. The 

reaction was carried out for 4 hours under reflux. The residual solvent was removed by vacuum distillation and then purified by silica gel 

chromatography with DCM: PE (1:6) as eluent to afford 1-DPAN with nearly 90% yields. 

1H NMR (CDCl3, 500 MHz),  (TMS, ppm): 12.44 (s, 1H), 8.93 (s, 1H), 8.27-8.25 (d, J = 10.0 Hz, 1H), 7.79-7.77 (d, J = 10.0 Hz, 2H), 7.73-7.71 

(d, J = 10.0 Hz, 1H), 7.56-7.50 (m, 4H), 7.47-7.36 (m, 6H), 7.33-7.29 (m, 2H). 

Photostability test 

Cells co-cultured with 2-DPAN and Nile Red for 20 min, then they were imaged by confocal microscope (Zeiss laser scanning confocal microscope 

LSM7 DUO) with conditions: for 2M-DPAN, excitation wavelength = 405 nm and emission filter = 468-560 nm; for Nile Red, excitation 

wavelength = 561 nm and emission filter = 573-696 nm. For co-staining, the SH-SY5Y cells were pre-cultured with oleic acid (1 mM) for 6 h to 

induce more LDs, then co-stained with Nile Red and 2-DPAN (2 μM). 

Real-time monitoring LDs in cells 

Cells were seeded in a 35 mm Petri dish with a coverslip at 37 oC overnight, then 6-OHDA (0, 100 µM) and 2-DPAN (5 µM) were added to the 

medium, respectively. The Petri dish were placed into the confocal microscopy (37oC, 5% CO2) with a continuous observation for 300 min. The 

excitation wavelength was 405 nm and the scanning interval was every 10 min. LDs fluorescence intensity, overlap area were analyzed by ZEN 

software. LDs size and number were quantified with Image J software. 

Cell imaging, analysis and statistics 

Cells in the Petri dish after 6-OHDA induced at the pointed time intervals (0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300 min) were co-stained 

with Hochest 33342 (for nucleus), 2-DPAN (lipid droplets) and Mito Tracker (mitochondria) for 20 min, and then washed with PBS for 3 times. 

The images were obtained using the confocal microscope (Zeiss, Germany) with emission filter at 405 nm, 405 nm and 530 nm, respectively. For 

oleic acid pre-treated group, the same parameters were set as above. Overlap area was analyzed by ZEN software. LDs size and number were 

quantified with Image J software. Data were expressed as means ± SEM. Analysis was performed using SPSS 19.0 software (IBM). One-way 

analysis of variance was performed. The significance level was p<0.05. 

Mitochondrion membrane potential assay 

The changes of mitochondrion membrane potential were carried out using JC-10 potential assay kit (Life, USA). Briefly, cells in the Petri dish 

after 6-OHDA induced at the pointed time intervals (0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300 min) were co-stained with JC-10 (5 μM) for 



30 min and then captured in confocal microscope (Zeiss, Germany) with emission filter at Ex/Em= 490/525-532 nm (green); Ex/Em= 533/590-

700 nm (red). To quantification the fluorescence intensities changes, cells were seeded on 96-well plate (5×104 cells per mL) overnight, and then 

6-OHDA (100 µM) treated with the cells in different time intervals (0, 30, 60, 90, 150, 180, 210, 240, 270, 300 min). After discarding the 

supernatant, cells were cocultured with JC-10 for 30 min and then washed with HBSS, then 100 μL HBSS was added to each well and read in a 

fluorescence microplate reader (Tecan pro2000. green, Ex/Em= 490/525 nm; red, Ex/Em= 540/590 nm.) 

Inflow microscopy 

Cells were seeded on 6-well plate (5×104 cells per mL) overnight, and then 6-OHDA (100 µM) treated with the cells in different time intervals (0, 

30, 60, 90, 150, 180, 210, 240, 270, 300 min). After discarding the supernatant, cells were cocultured with 2-DPAN and Mito Tracker in medium 

with 1% FBS for another 20 min. Cells were washed three times with PBS and collected for ImageStream analysis (Amnis, Seattle, USA). The 

selected channels at Ch1 (SSC channel to avoid debris and for bright field), Ch3 (561 nm excitation, 560-595 emission, for visualizing 

mitochondria), Ch8 (405 nm excitation, 505-560 nm emission, for visualizing LDs). To make the results more accurate, 10,000 cells in samples 

and 500 cells in compensation samples were acquired. 

Lipase and oleic acid treatment 

Lipase (10 mg/mL) and OA (1 mM) were pre-incubation with SH-SY5Y cells for 6 h, respectively. Then the cells were treated with 6-OHDA 

(100 µM) to induce PD model. The cell viability was evaluated by MTT assay and the LDs and cell changes were observed using confocal 

microscopy. 

Reactive oxygen species detection 

OA (0, 1 mM) were pre-incubation with SH-SY5Y cells for 6 h in Petri dishes and 96-well plate. Then the cells were treated with 6-OHDA (100 

µM) for 0, 30, 150 min, and then co-cultured with 2’,7’-Dichlorofluorescin diacetate (DCFH-DA, 1 µM) for 20 min, cells were captured under 

confocal microscope with excitation filter at 488 nm, excitation wavelength at 522 nm. Cells in 96-well were under the similar process and reading 

in the microplate reader with excitation 488 nm, emission 522 nm. 
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