Biomaterials 208 (2019) 72–82

Contents lists available at ScienceDirect

Biomaterials
journal homepage: www.elsevier.com/locate/biomaterials

Highly photostable two-photon NIR AIEgens with tunable organelle
specificity and deep tissue penetration

T

Guangle Niua,b, Ruoyao Zhangb,c, Yuan Gub, Jianguo Wangb, Chao Mad, Ryan T.K. Kwoka,b,
Jacky W.Y. Lama,b, Herman H.-Y. Sungb, Ian D. Williamsb, Kam Sing Wongd, Xiaoqiang Yuc,
Ben Zhong Tanga,b,e,∗
a

HKUST-Shenzhen Research Institute, No. 9 Yuexing 1st RD, South Area, Hi-tech Park, Nanshan, Shenzhen, 518057, China
Department of Chemistry, Hong Kong Branch of Chinese National Engineering Research Center for Tissue Restoration and Reconstruction, Institute for Advanced Study,
Institute of Molecular Functional Materials, And Department of Chemical and Biological Engineering, The Hong Kong University of Science and Technology, Clear Water
Bay, Kowloon, 999077, China
c
Center of Bio and Micro/Nano Functional Materials, State Key Laboratory of Crystal Materials, Shandong University, Jinan, 250100, China
d
Department of Physics, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, 999077, China
e
Center for Aggregation-Induced Emission, SCUT-HKUST Joint Research Institute, State Key Laboratory of Luminescent Materials and Devices, South China University of
Technology, Guangzhou, 510640, China
b

ARTICLE INFO

ABSTRACT

Keywords:
High photostability
Two-photon
Near-infarared
AIEgen
Deep tissue penetration

Photostability is a particularly important parameter for fluorescence imaging especially long-term dynamic
tracking in live samples. However, many organic fluorophores show poor photostability under one-photon and
two-photon continuous irradiation. In addition, these traditional fluorophores also suffer from aggregationcaused quenching (ACQ) in aggregate state in insolvable water environment. Therefore, it remains challenging
to develop photostable and ACQ-free fluorophores for biological imaging. In this work, we developed two highly
photostable aggregation-induced emission luminogens (AIEgens) based on the cyanostilbene core for in vitro and
ex vivo bioimaging. These AIEgens named CS-Py+SO3− and CS-Py+ exhibit near-infrared solid-state emission,
large Stokes shift (> 180 nm), high fluorescence quantum yield (12.8%–13.7%) and good two-photon absorption cross section (up to 88 GM). CS-Py+SO3− and CS-Py+ show specific organelle staining with high biocompatibility in membrane and mitochondria in live cells, respectively. In addition, selective two-photon mitochondria visualization in live rat skeletal muscle tissues with deep-tissue penetration (about 100 μm) is
successfully realized by using CS-Py+. Furthermore, these AIEgens especially CS-Py+ exhibit remarkably high
resistance to photobleaching under one-photon and two-photon continuous irradiation. These highly photostable
AIEgens could be potentially utilized in visualizing and tracking specific organelle-associated dynamic changes
in live systems.

1. Introduction
Fluorescence imaging has received considerate attention in realtime tracking [1–4], visualization of dynamic change [5–8] and imaging-guided therapy [9–14] in live samples, due to its remarkable
sensitivity, high selectivity, fast acquisition and easy operation
[15–18]. The performance of fluorescence imaging is highly dependent
on the fluorophore used. As a particularly important parameter of the
fluorophore, photostability is usually under careful consideration for
long-term tracking the dynamic change of biological events [19–21].
However, photostability is a common concern for traditional fluorophores especially commercial dyes like MitoTracker Green FM [22].
∗

Such drawback of the fluorophores would inevitably bring some difficult capturing the optimal fluorescence image, resulting in waste of
time and false biological signal. In addition, some photooxidation
products resulting from photobleaching could also cause severe damage
to live samples. The reason for the unstable resistance to photobleaching is generally caused by the small amount of these traditional
fluorophores used. However, increase the concentration of fluorophores
often suffer from aggregation-caused quenching (ACQ) [22]. Therefore,
development of novel fluorophores with enhanced photostability as
well as inhibited ACQ effect is of particular importance.
Our group discovered the unique feature that organic fluorophores
show no or faint emission in organic solvent but highly boosted
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TICT effect due to strong D-π-A effect. CS-Py+SO3− and CS-Py+ with
different charge distributions show specific organelle staining with high
biocompatibility in membrane and mitochondria in live cells, respectively. Furthermore, CS-Py+ was applied for staining in live rat skeletal
muscle tissues with deep-tissue penetration under two-photon excited
imaging mode. To the best of our knowledge, this is the first time to
explore the long alkyl chain substituted and NIR emissive cyanostilbene
derivatives for in vitro and ex vivo bioimaging. Of particular interest is
that these two AIEgens especially CS-Py+ exhibit remarkable resistance
to photobleaching under continuous irradiation with one-photon and
two-photon lasers.

emission in aggregate or solid state, and this phenomenon was first
termed as aggregation-induced emission (AIE) [23]. A new concept
restriction of intramolecular motion (RIM) was proposed to explain
such unique phenomenon [22]. Based on RIM, aggregation-induced
emission luminogens (AIEgens) are applied for biomedical imaging
with increased concentration, leading to high photostability as well as
bright emission [24–33]. Indeed, many of our AIEgens are successfully
demonstrated to exhibit high resistance to photobleaching in biological
imaging [34–42]. For example, our group recently in collaboration with
Prof. Qian prepared AIEgen doped colloidal mesoporous silica nanoparticles for super-resolution imaging with high resistance to photobleaching even under long-term and high-power stimulated emission
depletion light irradiation [43]. Thus, highly photostable AIEgens are
becoming promising and first-choice tools for fluorescence imaging.
Compared with short-wavelength emissive fluorophores, long-wavelength emissive especially near-infrared (NIR) AIEgens hold tremendous advantages for bioimaging because of deep tissue penetration,
minimal photodamage and high signal-to-noise ratio in live biological
samples [44,45]. Generally, extending the π-conjugation of the skeleton
of AIEgens is an effective method to construct NIR AIEgens [22].
However, with increased π-conjugation, the cell penetration of such
AIEgens generally significantly decreases. Construction of donor-π-acceptor (D-π-A) structure is another effective method to develop NIR
AIEgens, but the twisted intramolecular charge transfer (TICT) effect
should be carefully under consideration. Because strong TICT effect
sometimes could result in AIEgens with very low fluorescence quantum
yield [46]. Indeed, most of NIR AIEgens are synthesized by adopting
these two strategies simultaneously. So far, the majority of NIR AIEgens
are fabricated organic nanoparticles (NPs) by using amphiphilic surfactants to realize their internalization in live samples [47,48]. However, it's complicated and time-consuming to fabricate these NIR
AIEgen NPs, and the commercial amphiphilic surfactants used like
DSPE-PEG are very expensive. Therefore, it remains challenging to
develop inherent NIR AIEgens with excellent penetrability in live cells
and tissues.
Cyanostilbenes [49], a family of D-π-A based AIEgens, have been
extensively investigated and applied in many fields such as self-assembly, chemosensor and bioimaging, due to their facile synthesis and
easy purification [50–52]. Previous studies have demonstrated that
introduction of strong electron withdrawing groups like -F and -CN can
improve the fluorophores’ resistance to photobleaching [53,54]. Based
on this strategy, we anticipated that slightly modified cyanostilbenes
could probably become inherent photostable AIEgens. In addition,
further introduction of electron withdrawing group like pyridinium into
the skeleton of D-π-A based cyanostilbenes can enhance the TICT effect,
probably resulting in narrow energy gap and NIR emissive AIEgens
[55–57]. Though some achievements have been made to develop NIR
cyanostilbenes, these AIEgens basically showed very low cell penetrability and NPs were fabricated to demonstrate their application in
bioimaging [58,59]. On the other hand, eukaryotic cells contain numerous membrane-enclosed organelles (cell membrane, mitochondria
and Golgi apparatus et al.). Long alkyl chain modified AIEgens with
different electrical charge distributions probably showed strong interaction with the main component of membrane amphipathic phospholipid, leading to increased penetrability and location in specific organelles [60–63]. Thus the balance between hydrophobicity and electrical
charge distributions should be carefully adjusted.
Take the above-mentioned issues together, cyanostilbene with a
long alkyl chain substituent was adopted as the AIEgen core and D-π-A
structure was further introduced in the cyanostilbene skeleton to red
shift the fluorescence as well as enhance the TICT effect. In addition,
these AIEgens endowed with different charge distributions were explored to investigate the specific location in live samples. In the present
work, we indeed synthesized two photostable cyanostilbene based
AIEgens (CS-Py+SO3− and CS-Py+, Scheme 1) with a long alkyl chain
substituent. These AIEgens exhibit solid-state NIR emission and obvious

2. Experimental Section
2.1. Materials and methods
All chemicals were used as received without further purification
unless otherwise specified. Anhydrous DMSO and THF were used for
fluorescence property investigation. Deionized water was used
throughout this study. Commercial membrane dye DiI and
Mitochondria dye MitoTracker Deep Red FM (MTDR) were purchased
from ThermoFisher Scientific. 1H NMR (400 MHz), 13C NMR (100 MHz)
and 19F NMR (376 MHz) spectra were recorded on a Bruker ARX 400
spectrometer using tetramethylsilane (TMS) as internal standard. Highresolution mass spectra (HRMS) were recorded on a GCT premier
CAB048 mass spectrometer operated in a MALDI-TOF mode. UV–Vis
absorption and fluorescence spectra were recorded with Milton Roy
Spectronic 3000 Array spectrameter and PerkinElmer LS 55
Spectrofluometer, respectively. All the fluorescence quantum yields
were determined using an integrating sphere. Two-photon excited
fluorescence spectra in solution were measured on a Coherent Mira 900
and the pump laser beam (800–980 nm) came from a mode-locked
Ti:sapphire laser system at the pulse duration of femtosecond pulses
with a repetition rate of 76 MHz. Two-photon absorption cross sections
have been measured by the two-photon excited fluorescence method
with rhodamine B in methanol as the standard [57,64].
2.2. Cell culture and in vitro live cell imaging
HeLa cells were cultured in confocal dishes in the culture medium
(Dulbeccos modified Eagle medium (DMEM), supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin and streptomycin) in 5%
CO2/air at 37 °C in a humidified incubator for 24 h. Fresh DMEM
medium containing 1 μM CS-Py+SO3− and CS-Py+ (Stocked solution in
DMSO, 1 mM) was added into the culture medium of HeLa cells and
incubated at 37 °C in 5% CO2 for 15 min before the imaging. For costain imaging, HeLa cells were treated and incubated with 0.2 μM DiI or
MitoTraker Deep Red FM (MTDR). Cells were washed with phosphatebuffered saline (PBS, pH = 7.4). Confocal fluorescence imaging data
were obtained with an Olympus FV 1200 or Zeiss LSM 800 Confocal
Laser Scanning Microscope (For CS-Py+SO3− and CS-Py+, excitation
488 nm, emission collection 520–620 nm; For DiI, excitation 543 nm,
emission collection 580–680 nm; For MTDR, excitation 635 nm, emission collection 650–750 nm). For one-photon photostability test, cells
incubated with different dyes were continuously irradiated with confocal lasers (For CS-Py+SO3− and CS-Py+, 488 nm laser, laser power of
12%; for DiI, 543 nm laser, laser power 12%; for MTDR, 635 nm laser,
laser power 12%). The image was scanned about every 2.1 s.
2.3. Ex vivo imaging in live rat skeletal muscle tissues
The rat skeletal muscle tissues were directly removed from just
killed adult wistar rat. The tissues were stained with CS-Py+ (1 μM) at
room temperature in culture medium (DMEM, supplemented with 10%
FBS and 1% penicillin and streptomycin) in 5% CO2/air at 37 °C in a
humidified incubator for 1 h. The tissues were washed with phosphate73
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Scheme 1. Synthesis routes to CS-Py+SO3− and CS-Py+.
Fig. 1. Single crystal structures of (A) CSPy+SO3− and (B) CS-Py+. C, gray; N, blue;
O, red; F, yellow; S, green; P, orange.
Molecular packing in the crystal of (C) CSPy+SO3− and (D) CS-Py+. Distances in Å.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

buffered saline (PBS, pH = 7.4) before two-photon imaging. Twophoton fluorescent images were collected using a stimulated emission
depletion microscopy (Leica Stimulated Emission Depletion
Microscope) equipped with a multiphoton laser (Coherent Chameleon
Ultra II Multiphoton laser). The excitation wavelength was 900 nm
from a Ti:sapphire femtosecond laser source and the two-photon excited fluorescence was collected from 520 to 620 nm. For two-photon
photostability test, live tissues incubated with CS-Py+ were continuously irradiated with 900-nm pulsed laser (output intensity of
2476 mW), and the image was scanned about every 5.2 s. These experiments were performed in compliance with the relevant laws and
institutional guidelines. The institutional committee had approved the
experiments.

2.4. Synthesis of compound 2
Compound 1 (1.93 g, 10 mmol), K2CO3 (1.52 g, 11 mmol) and
C8H17Br (2.11 g, 11 mmol) were successively added to the anhydrous
DMF (20 mL) in a round bottomed flask, and the mixture was stirred at
95 °C for 6 h. After cooling to room temperature, the solvent was removed under reduced pressure, and the residue was purified by silica
gel chromatography using Hexane/AcOEt (from 2:1, 1:1 to 1:2, v/v) as
the eluent to give compound 2 as a yellow oily liquid (2.84 g, 93%). 1H
NMR (400 MHz, CDCl3): δ 10.18 (s, 1H), 7.71 (d, J = 9.0 Hz, 1H), 6.27
(dd, J1 = 8.9 Hz, J2 = 1.9 Hz, 1H), 6.01 (d, J = 2.3 Hz, 1H), 4.02 (t,
J = 6.4 Hz, 2H), 3.42 (q, J = 7.1 Hz, 4H), 1.88–1.78 (m, 2H), 1.53–1.43
(m, 2H), 1.40–1.25 (m, 8H), 1.21 (t, J = 7.1 Hz, 6H), 0.89 (t,
74
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Fig. 2. (A) Normalized absorption spectra of CS-Py+SO3− (5 μM) and CS-Py+ (5 μM) in DMSO. Fluorescence spectra of (B) CS-Py+SO3− (5 μM) and (C) CS-Py+
(5 μM) in DMSO and DMSO/water mixture with different water fractions. (D) Plots of αAIE (fluorescence intensity I/I0) versus the composition of the DMSO/water
mixtures of CS-Py+SO3− and CS-Py+. (E) Dynamic light scattering data of CS-Py+SO3− and CS-Py+ in water containing 5% DMSO. (F) Normalized fluorescence
spectra of CS-Py+SO3− and CS-Py+ in solid state. Inset: Fluorescent photos of solids of CS-Py+SO3− and CS-Py+ taken under 365 nm UV irradiation from a handheld
UV lamp. Fluorescence spectra of (G) CS-Py+SO3− and (H) CS-Py+ in different polar solvents. (I) Two-photon absorption (TPA) cross sections of CS-Py+SO3− and
CS-Py+ in THF. 1 GM ≡ 10−50 cm4 s/photon.

J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 187.21, 163.98, 153.92,
130.12, 114.36, 104.27, 93.23, 68.12, 44.82, 31.86, 29.40, 29.29,
29.22, 26.20, 22.71, 14.15, 12.67. HRMS (MALDI-TOF): m/z calcd for
[C19H32NO2]+ 306.2428 ([M+H]+), found 306.2437.

2 mmol) were successively added to the anhydrous EtOH (20 mL) in a
round bottomed flask, which was stirred at room temperature for
10 min. Then compound 2 (610 mg, 2 mmol) was added to the solution,
and the mixture was refluxed at 90 °C for 6 h. After cooling to room
temperature, the solvent was removed under reduced pressure, and the
residue was purified by silica gel chromatography using Hexane/AcOEt
(3:1, v/v) as the eluent to give compound 3 as a yellow solid (712 mg,
74%). 1H NMR (400 MHz, CDCl3): δ 8.28 (d, J = 9.0 Hz, 1H), 7.95 (s,

2.5. Synthesis of compound 3
4-Bromophenylacetonitrile (388 mg, 2 mmol) and t-BuOK (224 mg,
75
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29.43, 29.35, 26.39, 22.80, 14.23, 12.84. HRMS (MALDI-TOF): m/z
calcd for [C27H35BrN2O] 482.1933 ([M]), found 482.1932.
2.6. Synthesis of compound 4
A mixture of compound 3 (434 mg, 0.9 mmol), K2CO3 (138 mg,
1 mmol), Pd(PPh3)4 (15 mg, 0.013 mmol) and 4-pyridylboronic acid
(123 mg, 1 mmol) in THF/H2O (9 mL/1 mL) was refluxed at 80 °C for
12 h under nitrogen. After cooling to room temperature, the solvent was
removed under reduced pressure, and the residue was purified by silica
gel chromatography using Hexane/AcOEt (from 2:1 to 1:1, v/v) as the
eluent to give compound 4 as an orange solid (338 mg, 78%). 1H NMR
(400 MHz, CDCl3): δ 8.67 (dd, J1 = 4.7 Hz, J2 = 1.4 Hz, 2H), 8.33 (d,
J = 9.0 Hz, 1H), 8.06 (s, 1H), 7.77–7.65 (m, 4H), 7.53 (dd, J1 = 4.5 Hz,
J2 = 1.6 Hz, 2H), 6.37 (dd, J1 = 9.1 Hz, J2 = 2.4 Hz, 1H), 6.11 (d,
J = 2.4 Hz, 1H), 4.02 (t, J = 6.4 Hz, 2H), 3.43 (q, J = 7.1 Hz, 4H),
1.90–1.81 (m, 2H), 1.56–1.46 (m, 2H), 1.43–1.26 (m, 8H), 1.23 (t,
J = 7.1 Hz, 6H), 0.86 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ
160.04, 151.43, 150.45, 147.59, 137.38, 137.25, 136.89, 129.53,
127.44, 126.01, 121.41, 120.01, 110.85, 104.54, 101.70, 94.36, 68.51,
44.80, 31.90, 29.49, 29.43, 29.36, 26.40, 22.80, 14.22, 12.85. HRMS
(MALDI-TOF): m/z calcd for [C32H39N3O] 481.3093 ([M]), found
481.3073.

Fig. 3. The cytotoxicity of CS-Py+SO3− and CS-Py+ in HeLa cells.

2.7. Synthesis of CS-Py+SO3−

1H), 7.53–7.45 (m, 4H), 6.35 (dd, J1 = 9.0 Hz, J2 = 2.4 Hz, 1H), 6.09
(d, J = 2.4 Hz, 1H), 4.00 (t, J = 6.4 Hz, 2H), 3.42 (q, J = 7.1 Hz, 4H),
1.87–1.79 (m, 2H), 1.53–1.44 (m, 2H), 1.41–1.25 (m, 8H), 1.22 (t,
J = 7.1 Hz, 6H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ
159.95, 151.37, 137.13, 135.52, 131.97, 129.44, 126.93, 121.34,
119.88, 110.74, 104.49, 101.51, 94.36, 68.50, 44.79, 31.90, 29.49,

A mixture of compound 4 (385 mg, 0.8 mmol) and 1,3-propanesultone (122 mg, 1 mmol) in CH3CN (10 mL) was refluxed at 90 °C for
4 h. After cooling to room temperature, Et2O (30 mL) was added to the
solution. The solid was filtered off and purified by silica gel chromatography using CH2Cl2/MeOH (from 15:1, 10:1 to 6:1, v/v) as the eluent

Fig. 4. In vitro one-photon imaging in live cells. Confocal laser scanning microscopy images of live HeLa cells incubated with (A) CS-Py+SO3− (1 μM) and DiI
(0.2 μM) and (B) CS-Py+ (1 μM) and MTDR (0.2 μM). Scale bar: 20 μm.

76
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Fig. 5. Ex vivo one-photon and two-photon imaging in live tissues. One-photon fluorescent microscopic images of rat skeletal muscle tissues incubated (A) only with
CS-Py+ (1 μM) and (B) with CS-Py+ (1 μM) and MTDR (0.5 μM). (C) One-photon (λex = 488 nm) and two-photon (λex = 900 nm) fluorescent microscopic images of
rat skeletal muscle tissues incubated with CS-Py+ (1 μM). Scale bar: 20 μm.

to give CS-Py+SO3− as a dark red solid (295 mg, 61%). 1H NMR
(400 MHz, DMSO‑d6): δ 9.09 (d, J = 6.9 Hz, 2H), 8.53 (d, J = 6.8 Hz,
2H), 8.22–8.08 (m, 4H), 7.78 (d, J = 8.5 Hz, 2H), 6.47 (dd, J1 = 9.3 Hz,
J2 = 1.8 Hz, 1H), 6.23 (d, J = 1.7 Hz, 1H), 4.71 (t, J = 6.9 Hz, 2H),
4.10 (t, J = 6.2 Hz, 2H), 3.46 (q, J = 6.9 Hz, 4H), 2.46 (overlapped
with DMSO‑d6, t, J = 7.2 Hz, 2H), 2.30–2.21 (m, 2H), 1.84–1.74 (m,
2H), 1.51–1.41 (m, 2H), 1.39–1.18 (m, 8H), 1.15 (t, J = 7.0 Hz, 6H),
0.78 (t, J = 6.7 Hz, 3H). 13C NMR (100 MHz, CDCl3/CD3OD = 2:1): δ
160.38, 155.71, 152.02, 144.50, 141.01, 138.74, 131.30, 129.47,
128.28, 126.09, 124.26, 119.54, 110.23, 104.54, 99.19, 93.89, 68.30,
58.87, 46.37, 44.62, 31.58, 29.12, 29.09, 28.97, 27.05, 26.02, 22.45,
13.76, 12.42. HRMS (MALDI-TOF): m/z calcd for [C35H46N3O4S]+
604.3204 ([M+H]+), found 604.3220.

2.8. Synthesis of CS-Py+
A mixture of compound 4 (385 mg, 0.8 mmol) and CH3I (142 mg,
1 mmol) in CH3CN (5 mL) was refluxed at 90 °C for 4 h. After cooling to
room temperature, Et2O (30 mL) was added to the solution. The solid
was filtered off and dried under vacuum. The obtained solid was used in
the next step without further purification. Then the obtained solid was
dissolved in acetone (10 mL), and a solution of KPF6 (915 mg, 5 mmol)
in 2 mL H2O was added. The mixture was stirred at room temperature
for 24 h. Acetone was removed under reduced pressure, and the residue
was purified by silica gel chromatography using CH2Cl2/MeOH (from
20:1, 15:1 to 10:1, v/v) as the eluent to give CS-Py+ as a dark redbrown solid (298 mg, 58%). 1H NMR (400 MHz, DMSO‑d6): δ 9.00 (d,

77

Biomaterials 208 (2019) 72–82

G. Niu, et al.

Fig. 6. Ex vivo one-photon and two-photon imaging in live deep tissues. (A) One-photon (λex = 488 nm) and (C) two-photon (λex = 900 nm) fluorescent microscopic
images of the mouse skeletal muscle tissue stained with CS-Py+ (1 μM) at different penetration depths along z-axis. Scale bar: 20 μm. Reconstructed 3D (B) onephoton and (D) two-photon fluorescent microscopic images.

J = 6.9 Hz, 2H), 8.52 (d, J = 7.0 Hz, 2H), 8.21–8.09 (m, 4H), 7.79 (d,
J = 8.7 Hz, 2H), 6.47 (dd, J1 = 9.2 Hz, J2 = 2.2 Hz, 1H), 6.24 (d,
J = 2.1 Hz, 1H), 4.32 (s, 3H), 4.10 (t, J = 6.4 Hz, 2H), 3.47 (q,
J = 6.9 Hz, 4H), 1.84–1.75 (m, 2H), 1.51–1.42 (m, 2H), 1.40–1.18 (m,
8H), 1.15 (t, J = 7.0 Hz, 6H), 0.78 (t, J = 6.8 Hz, 3H). 13C NMR
(100 MHz, DMSO‑d6): δ 159.95, 153.14, 151.79, 145.58, 139.29,
137.91, 131.95, 128.87, 128.80, 125.45, 123.57, 119.35, 109.43,
104.52, 99.07, 94.33, 68.05, 47.01, 44.03, 31.15, 28.69, 28.47, 25.67,
22.07, 13.92, 12.57.19F NMR (376 MHz, DMSO‑d6): δ −69.20 (s, 3F),
−71.09 (s, 3F). HRMS (MALDI-TOF): m/z calcd for [C33H42N3O]+
496.3322 ([M]+), found 496.3337.
3. Results and discussion

of CH2Cl2 and MeOH (CH2Cl2/MeOH = 2:1, v/v) at ambient temperature. The details of the X-ray experimental conditions, cell data, and
refinement data of CS-Py+SO3− and CS-Py+ are summarized in Table
S1eS2. CS-Py+SO3− and CS-Py+ exhibit intramolecular π-π interaction
and C–H···π interaction (Fig. 1C and D). The molecules of CS-Py+SO3−
in the crystal lattice are arranged in a head-to-tail antiparallel arrangement, resulting in strong intermolecular donor-acceptor interaction, while those of CS-Py+ in the crystal lattice showed head-to-head
arrangement. Multiple intramolecular interactions, such as C–H⋯O,
C–H⋯N, C–H···π, C–H⋯F and P–F···π interactions, exist to stabilize these
different packing modes of CS-Py+SO3− and CS-Py+, which could
benefit for the restriction of intramolecular motion (RIM) and blocking
the non-radiative processes in the aggregated state.

3.1. Synthesis and characterization

3.2. Photophysical property

The synthesis routes to cyanostilbene based AIEgens CS-Py+SO3−
and CS-Py+ are outlined in Scheme 1. Compound 2 was synthesized by
alkylation of commercial compound 1 in the presence of C8H17Br and
K2CO3 in heated DMF. Then compound 2 reacted with 4-bromophenylacetonitrile in the presence of t-BuOK in refluxed anhydrous EtOH,
resulting in compound 3. Compound 4 could be obtained by Suzuki
coupling reaction of compound 3 and 4-pyridinylboronic acid. Finally,
reaction of compound 4 and 1,3-propanesultone resulted in CSPy+SO3−. Methylation and then anion exchange of compound 4 led to
CS-Py+. The structures of the inter-mediate compounds (2, 3 and 4)
and the final products (CS-Py+SO3− and CS-Py+) were characterized
by 1H NMR, 13C NMR, 19F NMR and HRMS (Fig. S1eS13). The detailed
synthetic procedures were shown in the Experimental Section.
The structures of CS-Py+SO3− and CS-Py+ were further confirmed
by X-ray crystal structure analysis (CCDC 1851671–1851672, Figs. 1
and S14). Single crystals of CS-Py+SO3− and CS-Py+ suitable for X-ray
structure analysis were obtained by slow evaporation of mixed solvent

The absorption and fluorescence (FL) data of CS-Py+SO3− and CSPy were investigated, and corresponding spectra were shown in Fig. 2
and Fig. S15eS16 and the data were summarized in Table S3. AIEgen
CS-Py+SO3− and CS-Py+ exhibit very similar absorption (Fig. 2A),
with absorption peaks (λabs) at 478 nm and 477 nm for CS-Py+SO3−
and CS-Py+, respectively. CS-Py+SO3− showed very low near-infrared
(NIR) fluorescence (NIR emission peak λem of about 658 nm) in dilute
DMSO, and with increased water fraction (fw) in the DMSO/water
mixtures, the emission intensity of CS-Py+SO3− showed slow increase
while the wavelength peak showed very slight change (Fig. 2B). For CSPy+, it also showed typical aggregation-enhanced emission (AEE)
property. The difference between CS-Py+SO3− and CS-Py+ is that the
aggregates (fw = 95% in the DMSO/water mixture) of CS-Py+ showed
enhanced and blue-shifted emission (Fig. 2C), which probably results
from twisted structure and intramolecular charge transfer (ICT) property. It should be noted that FL of CS-Py+SO3− and CS-Py+ in high
water fraction (fw = 95%) increased only several-fold compared with
+
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Fig. 7. (A) Normalized fluorescence intensity of CS-Py+SO3−, CS-Py+, DiI and MTDR in HeLa cells by continuous irradiation with confocal lasers. Irradiation
conditions: for CS-Py+SO3− and CS-Py+, 488 nm laser, laser power 12%; for DiI, 543 nm laser, laser power 12%; for MTDR, 635 nm laser, laser power 12%. The
image was scanned about every 2.1 s. (B) Two-photon fluorescent images and (C) normalized fluorescence intensity of CS-Py+ by continuous irradiation with twophoton NIR pulsed laser (900 nm, output intensity of 2476 mW) at different scans. The image was scanned about every 5.2 s. Scale bar: 20 μm.

that in DMSO (Fig. 2D), probably because of the formation of loosely
packed aggregates. In addition, the existence of aggregates in water
solution with 5% DMSO were confirmed by dynamic light scattering
data with hydrated diameters of 148 and 156 nm for CS-Py+SO3− and
CS-Py+, respectively (Fig. 2E). The solid FL of CS-Py+SO3− and CS-Py+
displayed NIR emissions of 679 nm and 685 nm for CS-Py+SO3− and
CS-Py+, respectively (Fig. 2F). The absolute FL quantum yields of CSPy+SO3− and CS-Py+ were measured to be 12.8% and 13.7%, respectively, which were advantageous for bioimaging especially for in
vivo imaging. The maximal emission wavelengths of CS-Py+SO3− and
CS-Py+ basically increased from toluene, THF, acetone, MeOH to
DMSO (Fig. S15), indicating the phenomenon of positive solvatochromism. However, the fluorescence intensity of CS-Py+SO3− and CS-Py+

greatly decreased in high polar solvent compared with that in low polar
solvent (Fig. 2G and H), due to their TICT property. These data demonstrated that CS-Py+SO3− and CS-Py+ are typical donor-acceptor
molecules. Furthermore, the two-photon excited fluorescence of CSPy+SO3− and CS-Py+ was investigated in THF using a femtosecond
pulsed laser as excitation source (800–980 nm). The data in Fig. S16
clearly revealed that CS-Py+SO3− and CS-Py+ showed good twophoton absorption. Using rhodamine in MeOH as the standard [64], the
two-photon absorption cross sections of these AIEgens were calculated
at different excitation wavelengths (Fig. 2I). CS-Py+SO3− and CS-Py+
exhibit good two-photon absorption cross sections (about 30–88 GM at
860–900 nm), which were comparable with those of the standard rhodamine B [64].
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3.3. In vitro cell imaging

the transverse plane. Such observation is in good agreement with previous data in skeletal muscle tissues obtained by scanning electron
microscope (SEM) [62,63,70]. Additionally, co-staining imaging experiments with commercial mitochondria dye MTDR were carried out
to confirm the location in live tissues. As shown in Fig. 5B, the staining
pattern of CS-Py+ shows a good overlap with that of MTDR and the
corresponding Pearson's coefficient is 0.84, further demonstrating the
excellent mitochondrial staining of CS-Py+ in live tissues.
Considering the good two-photon absorption cross-section and high
two-photon excited fluorescence of CS-Py+ and its impressive livetissue staining pattern, then we carried out further imaging experiments
to evaluate its two-photon imaging ability. After incubation in live
tissues for 1 h, we performed two-photon imaging by using a NIR pulsed
laser (900 nm). Bright fluorescence from mitochondrial could be captured and such two-photon excited fluorescence was almost identical to
that with one-photon excitation (Fig. 5C), indicating the great potential
of CS-Py+ in two-photon fluorescence imaging. Compared with onephoton imaging, two-photon imaging [71–75] shows much better performance especially in deep-tissue imaging [76–79]. To verify this
merit, we scanned the fluorescent images at different depths along the
z-axis. For one-photon imaging, the fluorescent images of regularly
arranged mitochondria could be captured with satisfied signal-to-noise
ratio at a depth of 50 μm and 3D one-photon fluorescent image was
successfully reconstructed (Fig. 6A and B and Movie S1). Such depth is
comparable to previous depth in rat skeletal muscle tissue obtained also
by one-photon excitation (50.9 μm) [62]. However, two-photon excited
fluorescence signals of CS-Py+ in muscle tissue could even be obtained
at the depth of about 100 μm (Fig. 6C and Movie S2). Likewise, reconstructed 3D two-photon fluorescent image was also realized
(Fig. 6D). Interestingly, such depth obtained by two-photon excitation
is deeper than those of our recently reported two-photon probes
[63,80]. Taken together, the remarkable ex vivo two-photon imaging
performance renders CS-Py+ as an excellent candidate probe for biomedical imaging of mitochondria in live deep tissues.
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2019.04.002.

Before evaluating the biological imaging application, we first investigated the cytotoxicity of CS-Py+SO3− and CS-Py+ by standard
MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay. After incubation in HeLa cells for 24 h, the cell viabilities
of CS-Py+SO3− and CS-Py+ were basically over 85% (Fig. 3). CSPy+SO3− and CS-Py+ exhibited negligible cytotoxicity within the
concentration range texted and a low concentration of 1 μM was used in
the following imaging experiments.
To demonstrate their biological applications, we performed fluorescence imaging in live HeLa cells by confocal laser scanning microscopy. After incubation for 20 min, bright fluorescence of CS-Py+SO3−
and CS-Py+ in HeLa cells could be obtained (Fig. S17), indicating their
excellent cell staining property. It should be noted that AIEgen CSPy+SO3− probably stained cell membrane, while CS-Py+ stained subcellular organelle in the cytoplasm. In situ fluorescence spectra of
AIEgen CS-Py+SO3− and CS-Py+ in HeLa cells were acquired by using
the Lambda mode (Fig. S18). The in situ fluorescence data of CSPy+SO3− and CS-Py+ in live cells showed blue-shift feature compared
with that in THF, probably due to their TICT effect [65]. Considering
their AIE property and TICT effect, we anticipated that CS-Py+SO3−
and CS-Py+ showed very faint emission at low incubation concentration (1 μM) due to the molecular motion, but they could boosted their
blue-shifted emission in low polar (TICT effect) and restricted viscous
environment in live cells [66], resulting in “wash-free” imaging property. The fluorescence experiments (Fig. S19) as a function of the solvent viscosity by using glycerol as viscous solvent [67] demonstrated
the enhanced emissions of CS-Py+SO3− and CS-Py+ in restricted viscous environment.
Then we conducted co-staining imaging experiments to confirm the
location of CS-Py+SO3− and CS-Py+ in live HeLa cells. As predicted,
CS-Py+SO3− showed good overlap (Pearson's coefficient of 0.82) with
commercial membrane dye DiI (Fig. 4A), indicating CS-Py+SO3−
mainly stains cell membrane. Normally, positive-charged dyes mainly
stain mitochondria due to the high negative membrane potential of
mitochondria [68,69]. Hence, we found that CS-Py+ very similar distributions in HeLa cells with commercial mitochondria dye MitoTracker
Deep Red FM (MTDR) (Fig. 4B), and the corresponding Pearson's coefficient was 0.84, which revealed that AIEgen CS-Py+ is mainly located in mitochondria.
It remains unclear that what mode AIEgens adopt to locate in the
live cells. Based on restriction of intramolecular motion (RIM), there are
two main modes for AIEgens to boost their emissions: aggregate state
and single molecular state in restrict environment. To date, it's still
difficult to evaluate the specific mode of an AIEgen inside the organelle.
We anticipated that environment-sensitive probes could probably provide some information. It's known that AIEgens with TICT effect show
polarity responsive fluorescence [24]. Therefore, TICT-based AIEgens
showing specific emission could adopt specific mode of location in live
samples. Given their TICT effect, in situ blue-shifted fluorescence data,
low incubation concentration as well as their staining in membraneenclosed restricted viscous organelles (cell membrane and mitochondria) [66], the environment-sensitive AIEgen CS-Py+SO3− and CS-Py+
probably exist in specific organelles in the form of single molecular
state.

3.5. Photostability
The photostability of CS-Py+SO3− and CS-Py+ is crucial parameters
for their remarkable live cell stain properties. Photostability was first
evaluated by continuous irradiation with confocal lasers. As seen in
Fig. 7A, the fluorescence intensities of CS-Py+SO3− and CS-Py+
showed nominal signal loss after 180 scans, while the fluorescence
signals of DiI and MTDR obviously decreased. Given the impressive
performance of two-photon fluorescence imaging in live tissues, the
photostability of CS-Py+ was further investigated by continuous irradiation with two-photon NIR pulsed laser (900 nm, output intensity of
2476 mW). The fluorescent images were scanned about every 5.2 s. We
can see that after scanning for 60 times, the two-photon fluorescent
image could be clearly obtained with good signal-to-noise ratio
(Fig. 7B). In addition, normalized two-photon fluorescence intensity
data in Fig. 7C revealed that CS-Py+ only suffered a low extent of
emission drop under exposure to strong two-photon NIR pulsed laser
and over 70% of the initial intensity still remained after 60th scan
(about 310 s). These data demonstrated that CS-Py+SO3− and CS-Py+
exhibit high photobleaching resistance and CS-Py+ can be applied for
long-term one-photon and two-photon mitochondrial tracking.

3.4. Ex vivo tissue imaging
Impressed by the excellent penetrability and specific organelle location in live cells, we further investigated whether these AIEgens could
show specific imaging in live tissues. To demonstrate this, we carried
out ex vivo imaging in live rat skeletal muscle tissues using CS-Py+ as an
example. Fluorescence imaging data indicated that mitochondria are
regularly arranged and formed reticulum in muscle with high signal-tonoise ratio (Fig. 5A), while the tubular morphology could be shown in

4. Conclusion
In summary, highly photostable cyanostilbene based AIEgens CSPy+SO3− and CS-Py+ with a long alkyl chain substituent and different
charge distributions were successfully synthesized. These AIEgens exhibit NIR solid-state emission, large Stokes shift, high fluorescence
quantum yield and good two-photon absorption cross section. In vitro
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imaging data show that CS-Py+SO3− and CS-Py+ stain membrane and
mitochondria with high biocompatibility in live cells, respectively. By
using CS-Py+ as an example, we have realized ex vivo two-photon deeptissue imaging of mitochondria (about 100 μm) in live rat skeletal
muscle tissues. Furthermore, these AIEgens especially CS-Py+ exhibit
excellent photostability under long-term one-photon and two-photon
continuous irradiation. We also have great confidence that these highly
photostable two-photon NIR AIEgens with tunable organelle specificity
and deep tissue penetration hold much potentials in biomedical applications. This work could further shed light on the development of other
photostable bioprobes for two-photon bioimaging and detection in
specific organelles in live samples.
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