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ABSTRACT

Lipid droplets (LDs) are important organelles whigdrophobic structure that not
only served the function of lipid storage in cdilst also participate in the regulation
of numerous metabolic processes. Broad visualizaifo_LDs with high brightness is
important for biological applications. In this syydhree novel facile near-infrared
aggregation-induced emission (AIE) fluorescent mbes based on triphenylamine-
pyridine building block were designed and synthesiZlhese AlEgens block exhibits
tunable D-Dzr-A (D: donor, A: acceptor) structure with twisted intramolecular
charge transfer (TICT) characteristics. These lnbes can highly light up LDs in the
living cells, model animal zebrafish and shelleaflawer seed. More importantly,
these probes can effectively produce reactive axygpecies (ROS) in the presence of
light irradiation, leading to the apoptosis of canccells. This study exhibits

promising applications in photodynamic therapy tigto targeting LDs.

Keywords. Lipid droplets, Multispecies imaging, Aggregatimutuced emission
(AIE), Photodynamic therapy.



1. Introduction

Lipid droplets (LDs) are widespread neutral lipidhr subcellular organelles in
eukaryotic and prokaryotic cells. LDs are delimittgg a single phospholipid
monolayer and primarily contain triacylglycerol aclablesteryl esters [1]. For a long
time after their discovery, LDs had been considesgdple lipid storage depots.
However, several studies have reported that LDs dgnamic organelle can regulate
many physiological processes, such as lipid meisioland storage, membrane
transfer, and signal transduction [2-4]. Abnorniaid storage may be related to many
diseases, such as obesity, fatty liver, cardiovasclisease, and diabetes [5-8]. Hence,
specific locating and imaging of LDs in cells anther model organisms are
important to biomedical research and early-staggrisis of related diseases.

In recent years, many technologies have been des@ltor imaging LDs, such
as’H nuclear magnetic resonance (NMR) spectroscopyr§®han scattering imaging
[10], and ultrahigh-resolution grazing incidenceistured illumination microscopy
imaging [11]. However, these methods have certagadyantages, such as high
application cost and complex operation processchvhimit their wide application in
biological research. By contrast, fluorescence imgag¢echnology has the advantages
of high sensitivity, non-invasiveness, low costd &atures a user-friendly control. In
addition, this technology is becoming one of thelely used in biological analysis
and detection [12,13]. Several types of conventiflnarescent dyes, such as Sudan
[ll, BODIPY493/503, Nile Red, and decorative boripyrromethene (BODIPY) dye
LD540, were utilized to image LDs. Although thekefophore dyes can target LDs,
they often suffer from background noise and smialk&s shifts due to their structural
defects. Moreover, the aggregation-caused quendAifg)) phenomenon results in
poor photostability of the dyes, making them urahlg for long-term staining
observation of LDs in biological applications [14}1

Aggregation-induced emission (AIE), which was arally proposed by Tang
and colleagues in 2001, has been proved to beppesde of the ACQ phenomenon
[18]. Organic fluorescent compounds with AIE ch#éeastics can satisfactorily solve

the self-quenching phenomenon of traditional flpbrares in a high-concentration
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solution. AlEgens are widely used in imaging apgimns because of their excellent
optical stability, high signal-to-noise ratio, atalge Stokes shift [19]. Moreover,
certain AlIEgens used as a photosensitizer can peoskactive oxygen species (ROS)
under light irradiation to kill cancer cells andushcan be used in photodynamic
therapy (PDT) [20].

Near-infrared (NIR) fluorescence imaging is urggmleeded in high-quality
bioimaging because of its outstanding advantagesh ss its ability to eliminate
background fluorescence interference and penedesp tissues [21,22]. Lengthening
the n-conjugated structure or increasing the push—pfidlce of molecules is an
effective way to construct AIE fluorescent probethvNIR emission characteristics
[23,24]. To date, various NIR AlEgens bridged witnzene, thiophene, or carbazole
rings have been reported in LDs imaging [25,26]wieer, their shortcomings, such
as low conjugation or complex preparation procesast be improved. Previous
studies have demonstrated that AIEgens with a gtposh—pull structure can produce
ROS when exposed to light [27,28]. This findingpimed us to design novel bridge-
linked molecules with strong push—pull structured dmas the character of NIR
emission. These molecules can be used in NIR fheomrece bioimaging of
multispecies and PDT study on cells.

Herein, three kinds of small molecule NIR red AlBgenamely, TPAP-Ma,
TPAP-Is, and TPAP-Fu) with strong push—pull effeétD-D-n-A structure were
designed and synthesized. These probes are bndgegyridine ring and connected
by triphenylamine group as strong electron donaktanee gradually enhanced strong
electron acceptor group (namely, malononitrile pfsmrone, and 3-cyano-4-phenyl-
2(5H)-furanone). These probes show bright-red NHRission, excellent optical
properties, remarkable stability, and efficient R@geration. As shown in Scheme 1,
these AIEgens can highly imaging of LDs in commieimg cells, even in the model
animal zebrafish and oil crop sunflower seeds. Mweee they show potential
applications for cancer cell ablation. We alsoipralarily explored the distribution of

ROS in oil phase and water phase by fluorescersetrsp
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Scheme 1. The features and application diagram of AIEgens.

2. Experimental methods

2.1. Materials

All chemical reagents and analytical pure solvemisre purchased from
commercial companies without further purificatioriop to use.*H and *C NMR
spectra were measured on a BRUKER AVANCE Il 600 RIMsing CD{ as
solvents and tetramethylsilane as an internal stah@dGermany). High-resolution
mass spectrometry (HRMS) electrospray ionizatioacBp were obtained using a
Thermo Scientific Q Exactive (USA). UV-vis absogstispectra were measured on a
VARIAN 50 Bio-spectrophotometer (USA). PL spectreerey recorded using a
VARIAN Eclipse spectrophotometer (USA). Absolutediescence quantum yields
were measured on a FLS 980 spectrophotometer (UKg. images of cells and
tissues were taken using a Zeiss LSM 880 laserngumgnconfocal microscope

(Germany).

2.2. Synthesis process



The synthetic route of precursor TPAP-CHO, TPAP-NIRAP-Is, and TPAP-Fu
was shown in Scheme 2. TPAP-CHO was synthesizedr@inog to the previous
literature [29]."H NMR (600 MHz, CDCJ, TMS), & (ppm): 10.11 (s, 1H), 9.08 (s,
1H), 8.20 (d,J = 7.96 Hz, 1H), 8.00 (d] = 8.58 Hz, 2H), 7.84 (d] = 8.29 Hz, 1H),
7.34 (t,J = 7.70 Hz, 4H), 7.15-7.19 (m, 6H), 7.13J& 7.26 Hz, 2H).

Synthesis of compound TPAP-Ma. TPAP-CHO (350.5 rid) mmol) and
malononitrile (66.1 mg, 1.0 mmol) was dissolvedthmL anhydrous ethanol with a
drop of piperidine refluxed for 4 h. After cooling room temperature, the red solid
was filtered, washed with ice-anhydrous ethanal, @med to give a red power named
TPAP-Ma (262.4 mg, 66%JH NMR (600 MHz, CDC}, TMS),$ (ppm): 8.84 (s, 1H),
8.55 (d,J = 8.34 Hz, 1H), 8.01 (d} = 8.39 Hz, 2H), 7.86 (d} = 8.66 Hz, 1H), 7.77 (s,
1H), 7.36 (t,J = 7.56 Hz, 4H), 7.20 (d] = 7.73 Hz,4H), 7.16 () = 9.06 Hz, 4H).
3%C NMR (100 MHz, CDG) & (ppm): 161.45, 156.07, 153.37, 150.80, 146.71,
135.97, 129.58, 128.66, 125.67, 124.48, 124.36,4521119.47, 113.65, 112.74,
82.37. HRMS (ESI): [M + H]for Co7H1gN, caled: 399.16042, found 399.16046.

Synthesis of compound TPAP-Is. 2-(3,5,5-trimethgloiiex-2-en-1-ylidene)
malono-nitrile was synthesized according to theoral literature [30]. TPAP-CHO
(350.2 mg, 1.0 mmol) and 2-(3,5,5-trimethylcyclofrn-1-ylidene)malononitrile
(186.4 mg, 1.0 mmol) was dissolved in 20 mL anhydrethanol with a drop of
piperidine refluxed for 4 h. After cooling to rootemperature, the red solid was
filtered, washed with ice-anhydrous ethanol, anedlto give a red power named
TPAP-Is (407.8 mg, 78%JH NMR (600 MHz, CDC}, TMS), 5 (ppm): 8.72 (s, 1H),
7.94 (t,J = 8.70 Hz, 3H), 7.74 (d] = 8.40 Hz, 1H), 7.31 (] = 7.68 Hz, 4H), 7.17 (t,
J=7.07 Hz, 6H), 7.10 (t) = 7.32 Hz, 3H), 7.07 (d] = 2.27 Hz, 1H), 6.90 (s, 1H),
2.64 (s, 2H), 2.52 (s, 2H), 1.12(s, 6FC NMR (100 MHz, CDGJ) & (ppm): 169.07,
157.55, 153.21, 149.84, 149.35, 147.23, 133.68,1¥33129.93, 129.41, 129.06,
127.82, 125.05, 124.11, 123.62, 122.63, 119.71,65612/9.27, 43.00, 39.16, 32.07,
28.05. HRMS (ESI): [M + H]for CagHsoN, caled: 519.25432, found 519.25449.

Synthesis of compound TPAP-Fu. 2-oxo-4-phenyl-2tidrofuran-3-carbonitrile

was synthesized according to the reported liteeaf8it]. TPAP-CHO (350.2 mg, 1.0
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mmol) and 2-o0x0-4-phenyl-2,5-dihydrofuran-3-cartiola (185.5 mg, 1.0 mmol) was
dissolved in 20 mL anhydrous ethanol with a dropipéridine refluxed for 4 h. After
cooling to room temperature, the red solid wasrdt, washed with ice-anhydrous
ethanol, and dried to give a red power named TPAR360.7 mg, 69%)'H NMR
(600 MHz, CDC}, TMS), & (ppm): 8.79 (s, 1H), 8.45 (s, 1H), 7.98 {d= 6.60 Hz,
2H), 7.81 (dJ = 7.25 Hz, 1H), 7.69 (s, 5H), 7.32 (s, 4H), 7.1297(m, 8H), 6.51 (s,
1H). **C NMR (100 MHz, CDGJ) § (ppm):163.56, 158.17, 152.83, 149.94, 147.01,
146.79, 138.36, 132.58, 130.77, 129.77, 129.48,9828128.20, 127.36, 125.92,
125.31, 123.93, 122.13, 119.70, 117.56, 111.5130HRMS (ESI): [M + H] for
CssH23N30; caled: 518.18630, found 518.18608.

g“@ R S

a0

TPAP-CHO

Q —bQW Q =~

TPAP-Ma TPAP-Is

TPAP-Fu

Scheme 2. Synthetic routes of three probes. Reagents andtaomd (a) Pd(dppf)Gl
K2CGO;s, Isopropyl alcohol; (b) malononitrile; (c) 2-(35trimethylcyclohex-2-en-1-
ylidene) malononitrile; (d) 2-oxo-4-phenyl-2,5-ddrpfuran-3-carbonitrile.

2.3. Cytotoxicity study

The cytotoxicity of three probes was investigatea 3+(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyltetrazolium bromide (MTT) assay. PC&lscwere cultured in a RPMI-

1640 medium containing 10% heat-inactivated fewmlite serum, penicillin (100
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U-mL™), and streptomycin (108g-mL™) at 37 °C in a humidified 5% GGncubator
and passed down for 2-3 days once. The cell watedest a density of 5000 cells per
well in a 96-well plate. After culturing overnightarious concentrations (0, 0.78, 1.56,
3.12, and 6.25M) of certain dyes (hamely, TPAP-Ma, TPAP-Is, arffAP-Fu) were
added for 24 h. Subsequently, the medium was redhmveach well and the cell was
washed with phosphate-buffered saline (PBS), fraetium (1.99 mL) and MTT (10
uL, 0.5 mg mLY) solution was added to each cell for 4 h. Aftexyall the medium
was discarded and DMSO (2.0 mL) was added to eadh Whe plate was gently
vibrated for a few minutes to dissolve all the fedrprecipitates. The absorption of
the probes and control well at 570 nm was recordgidg a microplate reader.

SMMC-7721 cells were cultured in a similar mana@d MTT assay was performed.

2.4. Bioimaging of LDs in living cells and tissues

PC12 cells (rat pheochromocytoma cells), zebrafesid sunflower seeds were
selected as the models for bioimaging experimd?@l2 cells were grown in a 20
mm glass bottom cell culture dish with a coverslif87 °C. A recognized LDs target
dye BODIPY493/503 green ({@M) and each probe (IM) were added into different
cell Petri dishes at 37 °C for 15 min. Four-day-péibrafish incubated in E3 medium
and sunflower seeds cut as thinly as possible aviilade were selected as subsequent
experimental objects. Both models were dyed anshcabated in a manner similar to
the aforementioned conditions. Afterward, all tleéested models were washed with
PBS buffer three times, and the fluorescence imagge observed under a confocal
laser microscope with the following conditions: fdhe three probes and
BODIPY493/503 greenif{x = 488 nm,ilem = 600-700 nm and 500-550 nm),

respectively.

2.5. Photostability

The PC12 cells labeled with synthesized dyes an®IB¥493/503 were imaged
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using a Zeiss LSM 880 laser scanning confocal ragwpe. For all the three probes
(TPAP-Ma, TPAP-Is, and TPAP-Fu) and BODIPY493/508eq, the excitation was
set at 488 nm with 1% laser power irradiation istgn and the emission filter was
600-700 nm and 500-550 nm, respectively. Continismass were performed at 22.4

S per scan.

2.6. ROS-generation detection

2,7-dichlorodihydrofluorescein diacetate (H2DCF-DA), eecognized ROS
detection reagent, was used in the experimentt, HHBDCF-DA was activated into
DCF-DA by sodium hydroxide solution. Then certamaunt of probe solution was
added to 1 mL of DCF-DA (4QM) mixed evenly to prepare the final concentration
of probes (5uM). The fluorescence intensity of DCF-DA at 525 mvas recorded

under white light (30 mW/cfi irradiation at various times.

2.7. Cytotoxicity of probesto SMMIMC-7721 cells under white light irradiation

SMMC-7721 cells were seeded at a density of 5008 per well in a 96-well plate.
After culturing in RPMI-1640 medium overnight, tbells were treated with various
concentrations of TPAP-Ma, TPAP-Is, and TPAP-Furesh medium for 30 min.
Subsequently, the plates containing SMMC-7721 eedlee irradiated for 30 min at a
white light source of 30 mW/cimand another row of plates treated under the same

conditions were placed in the dark as a control.

3. Resultsand discussion

3.1. Design and synthesis

It is well known that molecules with strong pusHipstructure and highe-

conjugated structure tend to form intramoleculargb-transfer (ICT) characteristics,
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obvious red-shift emission, and ROS generation umcgdiation [24,28]. In order to
achieve the purpose, triphenylamine, a widely wdedtron donor group, was used to
construct AIE molecules [32]. As depicted in Schénthree novel AlEgens, denoted
as TPAP-Ma, TPAP-Is, and TPAP-Fu, were synthesifedugh Knoevenagel
condensation reaction in anhydrous ethanol solv&egaction of TPAP-CHO
precursor and different progressively enhanced treleevithdrawing groups
(malononitrile, isophorone, and 3-cyano-4-phenrd¢furanone) was catalyzed by
piperidine under anhydrous ethanol solvent. All theermediates and three final
compounds were purified by flash column chromatplgyaor recrystallization, with
good vyields ranging from 63% to 86%, and the stmectvere characterized By
NMR, °C NMR, and HRMS (Fig. S1-S11).

3.2. Photophysical properties

The optical properties of TPAP-Ma, TPAP-Is, and PPRu were determined by
UV-vis and photoluminescence spectrum. The maximabmeorption spectrum of
TPAP-Ma, TPAP-Is, and TPAP-Fu in toluene peakedd#&2, 477, and 508 nm,
respectively (Fig. 1A). From the view of moleculructure, although TPAP-Is and
TPAP-Ma has almost the same electron-withdrawingugr malononitrile and
triphenylamine electron donor groups, TPAP-Is hmngern-conjugated than TPAP-
Ma, which result in a redshift emission of TPAPIs.addition, TPAP-Fu has the
largest absorption peak due to its longonjugated structure and the strongest
electron-withdrawing group (malononitrile < isopboe < 3-cyano-4-phenyl-2(5H)-
furanone) [26]. This is consistent with the repdrigerature that NIR emission
fluorescence molecules can be constructed by emuatie ICT effect of molecules
and prolongingt-conjugated structures [24].

In addition, the compounds presented good solybifit organic solvents with
successively enhanced polarity, such as toluengxade, ethyl acetate,
tetrahydrofuran, and dichloromethane. As shown ig. AB, S12, the solvent

produced a weak effect on the absorption spectriirallocompounds, whereas a
9



remarkable positive solvent effect was observedtlen fluorescence spectrum as
shown in Fig. 1C, S13. The maximum emission ofesentative TPAP-Is had a large
red shift gem) from 615 nm to 741 nm with increasingly enhanpedarity from
toluene to dichloromethane. Considering that aflséh compounds emitted in the
red/near-infrared region, the quantum yiefely%) are an important indicator to test
the practical use for the NIR florescent probes.shAswn in Fig.S14, thé, (%) of
TPAP-Ma, TPAP-Is and TPAP-Fu are 81.98, 52.27, @& 3oluene (a lower polarity
solvent), which are pretty high for D-BB-A molecules. So, such probes can light up
low-polarity organelle in cells, laying the founmet for its LDs recognition. In
addition, the®, (%) of TPAP-Is are 50.99, 1.48, 1.06, 1.09 in otkelvent with
increased polarity from dioxane to dichloromethakkanwhile, the fluorescence
intensity was considerably reduced or even quenchethe strong polar solvent
acetone and dimethyl sulfoxide (DMSO), suggestirgirang twisted intramolecular

charge transfer (TICT) effect [33].

0.6 1.2
A ——TPAP-Is B 1.0 C &

0.5 ——TPAPMa = Lo
——TPAP-Fu 4 0.8 g

04 = / £ 08
r = 0.6 &

203 g = 0.6
- = 0.4 o

0.2 E S04
S 0.2 =

0.1 z E 02

0.0 = e
0.0-5= “ 0.0 -
400 450 500 550 600 400 450 500 550 600 500 600 700 800 900
Wavelength/nm Wavelength/mm Wavelength/nm

Fig. 1. (A) Absorption spectra of TPAP-Ma, TPAP-Is, andAPPFu (10uM) in pure
toluene. (B) Normalized absorption spectra of repnéative TPAP-Is in different
polar solvents. (C) normalized PL spectra of repméstive TPAP-Is in different polar

solvents.

The AIE property of TPAP-Ma, TPAP-Is, and TPAP-Fwaswinvestigated in
DMSO/water mixtures with different water fractioffg) (Fig. 2A and S15). In pure
DMSO solutions, all three probes showed weak redson. Gradually increasing
from O to 50 (for TPAP-Ma) or 20 vol% (for TPAP-8xd TPAP-Fu) resulted in a
slow quenching in fluorescence intensity due toittiensic TICT effect of a strong

dipole compound. Asf, continued to increase, fluorescence intensity loé t
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compounds greatly increased. This result is atietbuo the fact that the effect of
aggregating effect exceeded the TICT effect, thetehiting the free rotation of the
molecule and leading to a decrease in non-radidtamsition and an increase in
radiative transition [34]. Whefy, reached 80% (for TPAP-Ma and TPAP-Fu) or 60%
(for TPAP-Is), the compounds showed the strondestdscence intensity. Thig (%)

of TPAP-Is in DMSO/HO (f,= 60%) is 2.15 with NIR emissions at 675 nm, which
not lower compared with the reported NIR LDs probEasble S1). In addition, their
emission intensities were boosted by 9- , 27- , Hivibld (Fig. 2B). A4, continued
to increase, further aggregation of the moleculed to a sharp decrease in
fluorescence intensity. These results indicate Ti&P-Ma, TPAP-Fu, and TPAP-Is
are AIE molecules in the NIR region with a maximamission peakt 653, 675, and

745 nm, respectively.

£, (vol %) —8—TPAP-Ma
A 5001 —_— B —o—TPAP-Is
—10 { ——rPap-iu
—_20 ¢
—30
-40 1
—= 0% 60
60 | i d
—70
—80
—_—00
—99

PL intensity(a.u)
=
[—]

600 700 800 900 0% 20 40 6 s 100
Wavelength/nm Water fraction(vol %)

Fig. 2. (A) PL spectra of TPAP-Is (10M) in DMSO/water mixtures with different

water fractions f(). (B) Plot of relative PL intensityl/{p) of all the synthesized
compounds (1QuM) with different water fractionsfy() in DMSO/water mixtures.
Inset: fluorescent image of TPAP-Is (®) in DMSO solution and in DMSO/water

mixtures withf,, = 60% taken under 365 nm light.

3.3. Theoretical calculations
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TPAP-Ma| AE=2.468 eV TPAP-Is| AE=2.233 eV TPAP-FuI AE=2.161 eV

HOMO

i

Fig. 3. Molecular orbital amplitude plots of HOMO and LUM® TPAP-Ma, TPAP-
Is, and TPAP-Fu calculated at the B3LYP/6-31G {depel.

To further understand the optical characteristicthese fluorophores, we applied
density functional theory to analyze the band dgaghe three fluorophore groups. As
presented in Fig. 3, the electron cloud densitythef HOMO orbital is primarily
distributed on the triphenylamine group and thadmye ring in the center, whereas
the LUMO energy level is mainly distributed on war$ electron-withdrawing groups.
The calculation results revealed that these AIE@R&\P-Ma, TPAP-Is, and TPAP-
Fu) had the same electron-donating group TPA andgéd pyridine ring. The
stronger the electron-withdrawing group is, the lfgnahe energy band gap will be.
This trend is in good accordance with the UV-viedml data and satisfactorily
illustrated the progressively enhanced ICT eff&ttreover, the intersystem crossing
can occur more readily than the usual moleculesciwis attributed to the TICT
characteristics of these AlEgens [35]. The singiptet energy gapsAEsi-t) of
TPAP-Ma, TPAP-Is, and TPAP-Fu was calculated 0.5808256 and 0.4913 eV by
time-dependent density functional theory (Fig S18% being demonstrated in
literatures, D-Dr-A structure of AlEgens has narrow band gap, whicbmpted
effective separation of HOMO and LUMO distributiand result in smallekES1-T1.

It will be beneficial to the production of ROS undight irradiation [36,37]. These
results provided potential application value fag 8ynthesized compounds in the field

of photodynamic therapy.
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3.4. Bioimaging in living cells

Bright field red channel green channel  Merge

... ‘TA
Sty

Fig. 4. Co-localization imaging of PC12 cells stained wB®DIPY 493/503 and

TPAP-Is TPAP-Ma

TPAP-Fu

AlEgens: (A) TPAP-Ma, (B) TPAP-Is, (C) TPAP-Fiex = 488 nm. Concentration: 1
uM (BODIPY 493/503 and AlEgens). Scale bar: 0.

As one of the key conditions of fluorescent dyesefi imaging experiments, the
presented AIE fluorophores need low dark toxicdyensure good biocompatibility.
PC12 cells were selected as a model to analyzéatketoxicity of TPAP-Ma, TPAP-
Is, and TPAP-Fu via MTT assay. As shown in Fig. , SEfl viability was nearly 100%
when the concentration of probe increased tou®/ demonstrating the negligible
toxicity and good biocompatibilities of these AllBgeto living PC12 cells.

Photostability is another important criterion faauating these AIE fluorophores.
PC12 cells stained with fluorescent dyes were oootisly scanned under a laser

confocal microscope to quantitatively measure thetgstability of the dyes. As
13



shown in Fig. S18, the fluorescent intensity of tregitional commercial LDs dye,
BODIPY 493/503 Green, was reduced to 54% of thdiainintensity after a
continuous scan of 40 scans within 10 min. By amstirthe loss in fluorescence
intensity of TPAP-Ma was negligible. Moreover, TRAPand TPAP-Fu were slightly
reduced to 87% and 85%, respectively. The reshligsved that these three AIEgens
have better photostability than the commercial pbsbe BODIPY 493/503 Green.

The three probes exhibited excellent photostabiéitd low dark toxicity. In
addition, the logarithm of octanol-water partitiooefficient (LogP) was 6.43, 8.53,
and 7.03 for TPAP-Ma, TPAP-Is, and TPAP-Fu estisiateom ChemBioDraw
software, respectively. As an important measur¢hefability of neutral LD probe
molecules, molecules with Lo > 5.00 can easily target LDs through the lipid
membrane [38]. These results prompted us to irnyastithe ability of the probes to
image endogenous LDs in living cells.

BODIPY 493/503 Green, an approved commercial gheertargeting dye, was
selected as one of the standard reagents to ewdahegbility of the three synthesized
probes to target LDs. PC12 cells were incubated B@®DIPY 493/503 Green (M)
and each AlEgen fluorophore (M) for 15 min. As shown in Fig. 4, in contrast het
background observed under bright field, the brigdd of each probe and green
fluorescence of BODIPY 493/503-stained PC12 cedis be clearly observed from
the red and green channels. The merging of PC12irnelges overlapped well,
demonstrating that these AIE fluorophores have ghlhi ability to target LDs.
Moreover, these AIE fluorophores have good lipapityl and permeability to the cell
membrane; therefore, these AIE fluorophores wasenioclined to aggregated in
hydrophobic spherical LDs and targeted staininghwibhe aid of “like-like”
interactions. In addition, since the environmempialarity of cytoplasm is higher than
that of LDs, the trace amounts of the probe mokedwdrdly emits fluorescence in

cytoplasm due to the TICT properties of the probe.

3.5. Zebrafish imaging
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TPAP-Ma
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D 3
Fig. 5. (A) Untreated zebrafish served as a control. @alleation imaging of
zebrafish stained with BODIPY 493/503 and AlEge®): TPAP-Ma, (C) TPAP-Is,
(D) TPAP-Fu.Aex = 488 nm. Concentration:)™ (BODIPY 493/503 and AIEgens).
Scale bar: 1000m.

Zebrafish, which is often used as a model orgari@nmn vivo biological imaging
experiments, is one of the most important modetebeates in the life sciences
because of its high homology with human genes [38ing to the red fluorescence
emission and remarkable target LD-staining abibfyAIE fluorophores in living
PC12 cells, their potential application in imagiQs in zebrafish was explored. As
shown in Fig. 5, the 4-day-old zebrafish in E3 mediwas eluted with PBS as a

control. Almost no fluorescence was observed inhealsannel under the laser
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confocal microscope. After co-pre-incubation witRAP-Ma, TPAP-Is, TPAP-Fu (1
uM), and BODIPY 493/503 Green (tM), bright red and green co-dye-stained
zebrafish was observed in the corresponding chamhel merged image shows better
coincidence degree for the probes TPAP-Ma and TRARAoreover, the overlap
coefficient is 0.85 and 0.84 (Fig. S19). These ltesiemonstrate that the probes can

image endogenous LDs in zebrafish.

3.6. Sunflower seed imaging

Bright field red channel green channel

¢
i}
i

Fig. 6. Co-localization imaging of sunflower seeds staingth BODIPY 493/503 and

TPAP-Ma

TPAP-Is

TPAP-Fu

AlEgens: (A) TPAP-Ma, (B) TPAP-Is, (C) TPAP-Fiex = 488 nm. Concentration: 1
uM (BODIPY 493/503 and AlEgens). Scale bar:\B0.

Sunflower seeds are an oil-rich plant with amplectantent and widely used as a
source of oils for food. Sunflower seeds may beidmal bioimaging material for
detecting ability of probes to target LDs, althoudfiey had rarely been used in

previous studies. The outer shell and the soft skimounding the fresh seeds were
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removed, and a razor blade was used to cut tragrsipalices as thinly as possible.
Subsequently, the seeds were incubated with BORI®3/503 Green (M) and the
three AlEgens (uM) for 15 min at 37 °C. Afterward, the dyes thatroarked
sunflower seeds were washed three times with PBfferbior tissue imaging
experiments. As shown in Fig. 6, the probes appeaseoright-red fluorescence under
the confocal laser microscope and had a good a@nce with the commercial LDs
green dye, indicating that the probes can achieygdrand highly visible LDs
imaging in sunflower seeds. The results showedttieste simple synthetic AIE-based
probes can achieve high throughput and visualizagiectivity for LDs imaging in
sunflower seeds. Moreover, the results providevg senple, convenient, and feasible

method for screening high-fat oil crops.

3.7. Photodynamic therapy

Except for LDs target in cells and tissues, thedé #olecules was expected to
generate ROS for PDT under white light irradiatidme to their strong push-pull
structure and absorption in visible region. In tixperimental section, DCF-DA was
used to detect generation of ROS under light camdit Fluorescence spectrum peak
at about 525 nm enhanced when DCF-DA was oxidizedD€CF by ROS. As
illustrated in Fig. 7A, with the increasing timewhite light irradiation (30 mW/cf)
on TPAP-Ma, TPAP-Is, and TPAP-Fu , the fluoreseeimtensity of DCF-DA in the
PBS solution increased rapidly up to 39-, 47-, &Befold in 285, 195, and 310 s,
respectively. As a control, the fluorescence intgnsf DCF-DA and AlEgens alone
was almost constant under the same conditions.eTtessilts prompted us to explore
the utilization of these AlEgen for cancer theragyantitatively through PDT.
Standard MTT assay was performed to quantitatiesigluate the killing ability of
AlEgens on the model cell SMMC-7721 quantitativelyder white light exposure
(Fig. 7B, 7C, and 7D). Upon incubation of SMMC-77@&dlls with AlEgens (up to
6.25uM) in dark for 24 h, all AlIEgens did not exhibitident toxicity. Under light

exposure for 30 min, the rate of cell apoptosiseatiquickly. Only 10%-13.6% of the
17



cells remained viable even if the concentrationtref AIEgens reached 6.28M.
These results demonstrated the effective ROS ptioducapacity of the AIEgens
under light irradiation. Owing to the fluidity andultiple biofunctions of LDs, the
ROS that are produced by these compounds with fgpeanigeting feature toward
LDs can availably initiate to cell apoptosis, whitlake such probes ideal candidates

for photodynamic killing of cancer cells in theragie applications [25].
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Fig. 7. ROS generation upon white light irradiation andTPfudy of representative
TPAP-Is. (A) Change in relative fluorescence inignat 525 nm arisen from
oxidation of DCF-DA under white light irradiatior8B§ mW/cnf) with time in the
absence or presence of AlEgens in PBS buffer soluB) Cell viability of SMMC-
7721 cells stained with different concentrationsT®AP-Ma. (C) TPAP-Is and (D)
TPAP-Fu under dark or in the presence of whitetlighadiation.

At the same time, the surprising results stimulate to explore the killing
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mechanism of ROS generated by AlEgens to cancér Telachieve the purpose,
TPAP-Is in tricaprylin solvent (oil phase) and RQ@®licator DCF-DA in PBS
solution (water phase) were mixed as shown in &g, the oil and water phase had a
clear interface before light irradiation. With tleadiation time increasing, the water
phase gradually turns yellow in color, which indezhthe DCF-DA was oxidized by
ROS. These phenomenon result in a significant as@en the fluorescence intensity
of DCF-DA at 525 nm in PBS solution (Fig. 8B). Test whether the oxidation of
DCF-DA is caused by a small number of compoundgater phase, the following
experiments were performed. First, tricaprylin (2)ncontaining 20uM TPAP-Is
thoroughly mixed with PBS (2 mL) with a vortex mixelfhen the mixture was
centrifuged and the content of TPAP-Is in aqueobasp was determined by
fluorescence spectrum (Fig S20A). It is clear that concentration of TPA-Is in the
agueous phase was more than 30 times lower théne iail phase, despite the strong
intervention of external forces. Therefore, we siged that the ROS was mainly
generated from oil phase. The ROS may be transfea¢he water phase from oil-
water interface. In addition, small amounts of THARossibly enter into the water
phase directly, which also result in the generabbrtrace ROS, and there exists a
dynamic balance between the oil and water phase RS in oil phase can destroy
the biofunctions of LDs, the trace ROS in watergghaan induce other cytoplasmic

organelle damage. As a result, LDs targeted AlEgansKill cells efficiently by PDT.

A FY s
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Fig. 8. (A) The sketch of spectral simulation experime(®) The change of

fluorescence intensity at 525 nm arisen from theation of DCF-DA in PBS
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solution with time under light irradiation.

4. Conclusions

In summary, a series of novel AIEgens based on py#dine building block was
simply synthesized with high yields. All probes daa used not only for specific
targeting of LDs in cell imaging but also for LDwaging of zebrafish and sunflower
seed tissues due to their high luminance, good Bpiubility, and red NIR emission
AIE characteristics. In addition, the strong DrBA structure and small band gap of
the probes further promote the efficient generat@inROS under white light
irradiation, providing a promising choice for phdymamic therapy agents. To our
knowledge, an NIR AIE fluorescent probe with higightness and high stability and
pyridine ring bridged push—pull structure has nakeden reported. This work provides
an easy and practical method for constructing n&lg&l fluorescent molecules for

clinical research and applications in the fielpphbtodynamic therapy.

Acknowledgements

We are thankful to the financial support from thpphAcation and Fundamental
Research Project of Shanxi Province (201801D12122m1801D121236) and
National Natural Science Foundation of PR China. @ib71117, 21575083).

Conflict of interest There are no conflicts to declare.

References

[1] Bartz R, Li WH, Venables B, Zehmer JK, Roth M®Relti R, et al. Lipidomics
reveals that adiposomes store ether lipids andateeghospholipid traffic. J Lipid
Res 2007;48(4):837-47.

[2] Walther TC, Farese RV. The life of lipid drotde Biochim Biophys Acta
2009;1791(6):459-66.

[3] Martin S, Parton RG. Lipid droplets: a unifietew of a dynamic organelle. Nat

20



Rev Mol Cell Biol 2006;7(5):373-8.

[4] Olofsson SO, Bostrom P, Andersson L, Rutberg A¢yman J, Boren J. Lipid
droplets as dynamic organelles connecting storagee#flux of lipids. Biochim
Biophys Acta 2009;1791(6):448-58.

[5] Samuel VT, Shulman GI. Integrating mechanissifisulin resistance: common
threads and missing links. Cell 2012;148(5):852-71.

[6] Beckman M. Great balls of fat. Science 2006(3¥865):1232-34.

[7] DeBerardinis RJ, Thompson CB. Cellular metadraliand disease: what do
metabolic outliers teach us?. Cell 2012;148(6):1482

[8] Bozza PT, Viola JPB. Lipid droplets in inflamitian and cancer. Prostaglandins
Leukot Essent Fatty Acids 2010;82(4-6):243-50.

[9] Pan XY, Wilson M, McConville C, Arvanitis TN, &ppinen RA, Peet AC. The
size of cytoplasmic lipid droplets varies betweemaour cell lines of the nervous
system: a@H NMR spectroscopy study. Magn Reson Mater Phy ZB{(B):479-
85.

[10] Zzhang C, Li JJ, Lan L, Cheng JX. Quantificatiof lipid metabolism in living
cells through the dynamics of lipid droplets meaduby stimulated raman
scattering imaging. Anal Chem 2017;89(8):4502-7.

[11] Li DF, Zhao YG, Li D, Zhao HY, Huang J, MiaoYet al. The ER-localized
protein DFCP1 modulates ER-lipid droplet contactnfation. Cell Rep
2019:27(2):343-58.

[12] Escobedo JO, Rusin O, Lim S, Strongin RM. Nélges for bioimaging
applications. Curr Opin Chem Biol 2010;14(1):64-70.

[13] Yang YM, Zhao Q, Feng W, Li FY. Luminescent echodosimeters for
bioimaging. Chem Rev 2013;113(1):192-270.

[14] Qiu B, Simon MC. BODIPY 493/503 staining of uteal lipid droplets for
microscopy and quantification by flow cytometryoB?rotoc 2016;6(17):1-6.

[15] Greenspan P, Mayer EP, Fowler SD, Nile redekective fluorescent stain for
intracellular lipid droplets. J Cell Biol 1985;1@)(965-73.

[16] Spandl J, White DJ, Peychl J, Thiele C. Liadl enulticolor imaging of lipid
21



droplets with a new dye, LD540. Traffic 2009;10(15)79-84.

[17] Ohsaki Y, Shinohara Y, Suzuki M, Fujimoto Tp#fall in using BODIPY dyes to
label lipid droplets for fluorescence microscopy.istdchem Cell Biol
2010;133(4):477-80.

[18] Luo JD, Xie ZL, Lam JWY, Cheng L, Chen HY, QCF, et al. Aggregation-
induced emission of 1-methyl-1,2,3,4,5-pentapheéiojgs Chem Commun
2001(18):1740-1.

[19] Zhu CL, Kwok RTK, Lam JWY, Tang BZ. Aggregationduced emission: a
trailblazing journey to the field of biomedicine.C& Applied Bio Materials
2018;1(6):1768-86.

[20] Yuan YY, Feng GX, Qin W, Tang BZ, Liu B. Tatgd and image-guided
photodynamic cancer therapy based on organic nain@pa with aggregation-
induced emission characteristics. Chem Commun 30{&3):8757-60.

[21] Hilderbrand SA, Weissleder R. Near-infraredioflescence: application to in vivo
molecular imaging. Curr Opin Chem Biol 2010;14(1}9.

[22] Yuan L, Lin WY, Zheng KB, He LW, Huang WM. Faed to near infrared
analyte-responsive fluorescent probes based omiorfiaorophore platforms for
fluorescence imaging. Chem Soc Rev 2013;42(2):622-6

[23] Roncali J. Synthetic principles for bandgapntcol in linear n-conjugated
systems. Chem Rev 1997;97(1):173-205.

[24] Zhang FL, Di YZ, Li Y, Qi QK, Qian JY, Fu XQ, et al. Highlefficient far
red/near-Infrared  fluorophores with aggregation-induced emission for
bioimaging. Dyes Pigments 2017;142:491-8.

[25] Wang D, Su HF, Kwok RTK, Shan GG, Leung AC®elLMMS, et al. Facile
synthesis of red/NIR AIE luminogens with simpleustures, bright emissions,
and high photostabilities, and their applications $pecific imaging of lipid
droplets and image-guided photodynamic therapy. aAded Functional
Materials 2017;27(46):1704039.

[26] Zheng Z, Zhang TF, Liu HX, Chen YC, Kwok RTKjla C, et al. Bright near-

infrared aggregation-induced emission luminogensh wstrong two-photon
22



absorption, excellent organelle specificity, anficeint photodynamic therapy
potential. ACS Nano 2018;12(8):8145-59.

[27] Xu SD, Yuan YY, Cai XL, Zhang CJ, Hu F, Liadg et al. Tuning the singlet-
triplet energy gap: a unique approach to efficigitotosensitizers with
aggregation-induced emission (AIE) characterist@isem Sci 2015;6(10):5824-
30.

[28] Wu WB, Mao D, Hu F, Xu SD, Chen C, Zhang CiJak A highly efficient and
photostable photosensitizer with near-infrared aggtion-induced emission for
image-guided photodynamic anticancer therapy. Adv atdv
2017;29(33):1700548.

[29] Chou HH, Hsu CY, Hsu YC, Lin YS, Lin JT, Ts@i. Dipolar organic pyridyl
dyes for dye-sensitized solar cell applicationstafeedron 2012;68(2):767-73.

[30] Kaur P, Kaur M, Singh K. Ferrocene based chemsor for Cti-a dual channel
signaling system. Talanta 2011;85(2):1050-5.

[31] Hou JT, Ko KP, Shi H, Ren WX, Verwilst P, Kd®, et al. PLK1-targeted
fluorescent tumor imaging with high signal-backgrdtratio. ACS Sens
2017;2(10):1512-6.

[32] Mathivanan M, Tharmalingam B, Lin CH, Pandiyd@V, Thiagarajan V,
Murugesapandian B. ESIPT-active multi-color aggtegainduced emission
features of triphenylamine-salicylaldehyde-basedymmmetrical azine family.
CrystEngComm 2020;22(2):213-28.

[33] Grabowski ZR, Rotkiewicz K, Rettig W. Strucalirchanges accompanying
intramolecular electron transfer: focus on twistetlamolecular charge-transfer
states and structures. Chem Rev 2003;103(10):3692:4

[34] Gu XG, Zhao EG, Lam JWY, Peng Q, Xie YJ, Zhafig et al. Mitochondrion-
specific live-cell bioprobe operated in a fluoresoe turn-on manner and a well-
designed photoactivatable mechanism. Adv Mater 27184):7093-100.

[35] Gibson J, Monkman AP, Penfold TJ. The impattamf vibronic coupling for
efficient reverse intersystem crossing in thermatifivated delayed fluorescence

molecules. ChemPhysChem 2016;17(19):2956-61.
23



[36] Hu F, Xu SD, Liu B. Photosensitizers with aggation-induced emission:
materials and biomedical applications. Adv Matet230(45):1801350.

[37] Lu HG, Zheng YD, Zhao XW, Wang LJ, Ma SQ, H&Q, et al. Highly efficient
far red/near-infrared solid fluorophores: aggremainduced emission,
intramolecular charge transfer, twisted moleculamfarmation, and bioimaging
applications. Angew Chem Int Ed 2016;55(1):155-9.

[38] Horobin RW, Rashid-Doubell F. Predicting smaiblecule fluorescent probe
localization in living cells using QSAR modeling.&oecifying probe, protocol
and cell factors; selecting QSAR models; predictamgry and localization.
Biotech Histochem 2013;88(8):461-76.

[39] Witherel CE, Gurevich D, Collin JD, Martin Bpiller KL. Host-biomaterial
interactions in zebrafish. ACS Biomater Sci Eng2@{4):1233-40.

24



Highlights

Three novel near-infrared Al E-based fluorophores were synthesized.
These AlEgens can highly light up LDsin cells, zebrafish and sunflower seed.
They can be applied in PDT through targeting LDs.
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