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Realizing the bioimaging of different organelles usually requires organic luminophores with distinct
molecular structures through a complicated chemical synthesis, which is tedious and time-consuming.
Herein, an aggregation-induced emission luminogen (AlEgen) PNOy with a twisted molecular structure
was prepared by employing tetraphenylethylene as the electron donor and phenylacrylonitrile-quinoline
as the electron acceptor. It was found that PNOy showed a bathochromic shift of 41 nm in emission
maximum under the stimulation of mechanical force. Concurrently, it could be used as a bioprobe with
high specificity and biocompatibility to enable fluorescence imaging of lipid droplets (LDs) in cells. After
the ionization and introduction of hexafluorophosphate as a counter ion, the resulting AlEgen PNO
presented a much better stimulus-responsive performance, exhibiting a variation of 104 nm in emission
maximum under the stimuli of mechanical force and acetone vapor. More impressively, PNO could be
used for mitochondrial imaging with good membrane permeability and cell viability. This study
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DOI: 10.1039/d2ma00513a demonstrates a helpful and straightforward approach to develop new bioimaging agents for different

organelles and provides smart organic luminogens for innovative applications in sensing and anti-
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Introduction

Organic luminescent materials have received considerable
attention recently due to their promising applications in bio-
medical science'™ and information security.®® Moreover,
fluorescent imaging is a crucial technology for modern biology,
enabling scientists to see the delicate structures of cells and
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monitor biological processes. However, owing to the notorious
aggregation-caused quenching (ACQ) effect,”'® conventional
organic fluorescent bioprobes with a m-conjugated system
usually exhibit weak emissions in the aggregation state, which
significantly limits their practical application in bioimaging. In
sharp contrast, aggregation-induced emission luminogens
(AIEgens) can exhibit bright emissions in the solid state or
upon aggregation,"'™* in contrast to the luminescence beha-
viors of conventional organic fluorescent bioprobes. Accord-
ingly, the AIEgens can be ideal bioprobes for organelle imaging.
The life activities of cells are closely related to the function of
organelles. Lipid droplets (LDs) play essential roles in meta-
bolic balance and stability, which protect the cell from lipo-
toxicity and lipoapoptosis.'® Furthermore, lipid droplets
contain a variety of neutral lipids and are surrounded by a
single layer of phospholipids.’®"” Since the AIE bioprobes are
generally fat-soluble molecules, they may possibly enrich and
dissolve in the neutral lipid of lipid droplets, which would
make the lipid droplet images. On the other hand, mitochondria
play vital roles in the oxidative metabolism and energy release of
a cell.'® Furthermore, the mitochondria in cancer cells have
higher negative membrane potentials than those in normal cells.
In this context, cationic AIEgens are highly desirable because they

© 2022 The Author(s). Published by the Royal Society of Chemistry
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may be much easier to enrich in the mitochondria of cancer
cells.>*°

On the other aspect, organic materials with mechanochro-
mic properties are sensitive to the stimuli of mechanical force
and solvent vapors. Therefore, they have potential applications
in environmental monitors, chemical sensors, and optical data
storage devices.”’” In general, ideal mechanochromic materi-
als should exhibit remarkable stimulus responsiveness and
reversibility.”® ' To date, numerous AlEgens with various core
structures have been developed. Although the luminescence
performance of AIEgens can be improved by building strong
intermolecular interactions, the strategy may not be conducive in
getting significant emission wavelength variations because the
stimulus-response phenomena of AlEgens in solid state usually
result from the changes in intermolecular interactions.**” It is
worth noting that ionic AIEgens have emerged as an important
class of multifunctional luminescent materials in recent years.
The electrostatic repulsion of ionic AlEgens increases the dis-
tance among molecules and attenuates the intermolecular inter-
actions, which is beneficial for altering molecular conformations
and changing emission wavelengths significantly under mechan-
ical stimuli.>® In other words, the ionic AIEgens may be excellent
candidates to produce remarkable mechanochromism. Among
the AlEgens, tetraphenylethene (TPE)*” and phenylacrylonitrile
derivatives®® have received considerable attention because of
their simple molecular structures and excellent luminescent
properties. Moreover, they usually have good biocompatibilities,
which are favorable to bioimaging. In particular, most TPE and
phenylacrylonitrile derivatives exhibit emission changes upon
external stimuli.*”**

In this study, we present a new organic AIEgen and its ionic
species, which can produce intense fluorescence to image LDs
and mitochondria in cells, respectively. Herein, typical AIE
moieties of TPE and phenylacrylonitrile were employed as
building blocks to construct the molecule, followed by the
incorporation of quinolone to offer an ionization position. As
a result, a new purely organic AlEgen, namely PNOy, with a
donor-acceptor (D-A) structural motif and a satisfactory
fluorescence quantum yield, was achieved through this simple
molecular design (Scheme 1). Since PNOy molecules are fat-
soluble, they tend to accumulate in LDs. Furthermore, the
highly viscous environment of the LDs restricts their intra-
molecular motions, thereby enabling bright fluorescence for
imaging. After methylating PNOy on the nitrogen of quinolone,
hexafluorophosphate was introduced as a counter anion to
yield the ionic compound PNO. The methyl quinoline moiety

Scheme 1 Synthetic routes of the target compounds.
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can serve as a cationic anchor group,*>*® making PNO available
for mitochondrial imaging. In addition, both PNOy and PNO
exhibit significant emission variations under mechanical force
stimulation. Accordingly, these two AIEgens have the potential
for sensing and bioimaging applications.

Results and discussion

The synthetic procedures of PNOy and PNO are outlined in
Scheme 1. First, the intermediate 2-(4-bromophenyl)-3-(4-(1,2,2-
triphenylvinyl)phenyl)acrylonitrile was synthesized according
to the literature method, followed by the Suzuki palladium-
catalyzed reaction with quinolin-4-yl boric acid to yield the
product PNOy. After the methylation on the nitrogen of quino-
line, an ion exchange between iodine and hexafluorophosphate
was performed to obtain the target product PNO. The chemical
structures of PNOy and PNO were confirmed by nuclear mag-
netic resonance (NMR) spectra ("H NMR and *C NMR) and
high-resolution mass spectra with satisfactory results (Fig. S1-
S6, ESIY).

In the dilute ethyl acetate (EA) solution (Fig. S7, ESIT), PNOy
showed pronounced absorption bands at around 312 nm and
368 nm, corresponding to the m-m* transition and intra-
molecular charge transfer (ICT) transition of the molecules,
respectively. After methylation, the absorption bands of the
compound were red-shifted to 321 nm and 385 nm caused by
the molecular ionization and the hyperconjugation effect of the
methyl group,*" indicating the more substantial ICT effect of
PNO. This inference is further supported by the variations in
the photoluminescence (PL) spectra in different solvent mix-
tures (Fig. S8, ESIT). In particular, with the increase in solvent
polarity, the PL maxima of PNOy and PNO gradually red-shifted
from 527 nm and 534 nm to 550 nm and 596 nm, respectively.

Subsequently, the compounds were formulated in tetrahy-
drofuran (THF)/water mixtures with different contents of dis-
tilled water. In pure THF, both PNOy and PNO were weakly
emissive (Fig. 1). With the increase in the water content (from 0
to 80%, v/v), there were no apparent changes in their PL
spectra. However, the emission intensities of PNOy and PNO
enhanced when the water content increased to 90%. Mean-
while, Mie scattering effects were observed in the UV-visible
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Fig. 1 AIE properties of the compounds. PL spectra of the dilute solutions
of PNOy (a) and PNO (b) in water/THF mixtures with different water
fractions. The insets are the emission images of PNOy in pure THF and
in the water/THF mixture with 95% water fraction under the illumination of
365 nm UV light (excitation: 365 nm; concentration: 10 uM).
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absorption spectra of the mixtures with high water contents
(Fig. S9, ESIT), suggesting the formation of nanoaggregates.
Evidently, both PNOy and PNO have AIE characteristics. When
in solution, the multiple aromatic rings of the molecules rotate
around the C-C bonds freely, resulting in weak luminescence.
After aggregation, the molecular motions are largely restricted
and the radiative decay channels are opened, leading to pro-
minent emission enhancement. In the solid state, PNOy and
PNO can generate strong cyan (&P, = 26.3%) and orange-yellow
(®s,0 = 19.1%) emissions, respectively, further demonstrating
their AIE properties. The PL maxima of PNOy and PNO were
separately determined to be 496 nm and 596 nm, respectively
(Fig. S10, ESIt). The redder emission of PNO should be ascribed
to its stronger ICT effect caused by the methylation and
ionization. In addition, both PNOy (r = 1.16 ns) and PNO (t =
8.29 ns) gave a short lifetime in nanosecond magnitude
(Fig. S11, ESIt), manifesting their fluorescence attributes in
the aggregation states. The longer fluorescence lifetime and the
slightly lower &g, value of PNO may stem from its weaker
intermolecular interactions, which are likely in favor of achiev-
ing superior stimulus-responsive performance.

To gain insight into the luminescence behaviors of PNOy
and PNO, theoretical calculations based on density functional
theory (DFT) at the M06-2X/6-31G(d,p) level were implemented
to obtain the optimized molecular structures and simulate the
highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs) of the compounds at
the ground state. As depicted in Fig. 2, the HOMO (E =
—6.63 eV) of PNOy delocalized over the TPE and phenylacrylo-
nitrile, while that of PNO (E = —7.93 eV) mainly localized on the
TPE and acetonitrile moieties. Moreover, the LUMO (E =
—1.49 eV) of PNOy was mainly distributed on one benzene ring
of TPE, phenylacrylonitrile, and quinolone, but that of PNO
(E = —5.32 eV) was located on the ionized quinoline unit. The
HOMO and LUMO of PNO almost have no overlap, implying a
noticeable ICT effect, which is in accordance with the experi-
mental results. The optimized chemical structures indicate that
both PNOy and PNO have a twisted molecular conformation.
Accordingly, they may display emission variations under exter-
nal stimuli.

As depicted in Fig. 3a, PNOy can produce a green-light
emission (Zem, = 537 nm) upon grinding, exhibiting a moderate
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Fig. 2 The optimized molecular conformations of PNOy and PNO, as well
as their HOMO and LUMO energy levels.
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Fig. 3 (a) Emission switching of PNOy under the stimuli of mechanical

force and DCM vapor. (b) The fluorescent images of the pristine and
ground samples of PNOy. (c) Emission switching of PNO under the stimuli
of mechanical force and acetone vapor. (d) The fluorescent images of the
pristine, ground and fumed samples of PNO.

mechanochromic performance (A/ey, = 41 nm). Moreover, the
fluorescence quantum yield of its ground sample reached
43.4%, much higher than that of the pristine one. Thus, PNOy
has a force-induced emission enhancement property which is
different from common AIEgens. The enhanced fluorescence
intensity may be caused by the molecular planarization and the
shorter intermolecular distance, leading to a higher molecular
conjugation and stronger intermolecular interactions. In addi-
tion, the green fluorescence of PNOy can turn back to cyan after
exposure to dichloromethane (DCM) vapor for about 20 min,
suggesting that the mechanochromism of PNOy is reversible.
This excellent reversibility may be associated with the strong
crystallization tendency of PNOy, leading to the recovery of its
molecular conformation and molecular packing mode under
the stimulation of DCM vapor. In the case of PNO, its pristine
sample converted into a red-light-emitting powder (lem =
643 nm) after grinding (Fig. 3b) exhibited similar mechano-
chromic behavior to PNOy. However, the fluorescence quantum
yield of the ground sample was determined to be 10.7%, which
is lower than that of the original one. Given PNO is a cationic
compound, the decline of its luminescence efficiency may be
associated with the repulsion among molecules, resulting in
the destruction of intermolecular interactions and the increase
of non-radiative channels upon grinding. Interestingly, the
pristine and ground samples of PNO can transform into
green-light crystals (lem = 539 nm) after exposure to acetone
vapor for about 5 min.

These results suggest that the acetone vapor may induce the
PNO molecules to form a new molecular packing mode and
adopt a distinct molecular conformation with a weaker ICT
effect. However, when the resulting crystals left the solvent
atmosphere, their emission immediately red-shifted to yellow.
This experimental phenomenon illustrated that the green-light
crystals are meta-stable and cannot maintain their molecular
packing mode without the help of acetone molecules. These
variations thus implicate the possibility of PNO for acetone
vapor sensing. In addition, the acetone-fumed samples of PNO

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 CLSM images with PNOy (a—c) and PNO (d-f) in A549 cancer cells,
respectively. (a) Fluorescent image of lipid droplets stained by BODIPY
(green pseudocolor). (b) Fluorescent image of lipid droplets stained by
PNOy (orange pseudocolor). (c) An overlay image of parts (a) and (b).
(d) Fluorescent image of mitochondria stained by MitoTracker Green
(green pseudocolor). (e) Fluorescent image of mitochondria stained by
PNO (orange pseudocolor). (f) An overlay image of parts (d) and (e)
(excitation: 405 nm; concentration: 10 puM).

can also turn into a red-light powder by grinding. Given this,
the fluorescence of PNO is switchable between green and red
under mechanical force and acetone vapor stimuli, showing a
remarkable emission variation up to 104 nm.

Notably, both the pristine and ground samples of PNOy
showed sharp diffraction peaks in the X-ray diffraction (XRD)
patterns (Fig. S12, ESIt). Moreover, their differential scanning
calorimetry (DSC) thermograms also presented an intense
endothermic peak at around 208 °C (Fig. S13, ESIf). These
experimental results elaborate that PNOy has high crystallinity
and its molecules build robust intermolecular interactions in
the crystalline state, which are not easily destroyed by grinding.
As a result, PNOy only presented a moderate mechanochro-
mism performance. By contrast, the pristine sample and the
fumed sample in the air of PNO exhibit relatively low crystal-
linities, as indicated by the less and weak diffraction peaks in
the XRD patterns. Moreover, their melting points in the DSC
thermograms (161 °C for the pristine sample and 145 °C for the
fumed sample) are much lower than those of PNOy. These data
demonstrate that the PNO molecules can only build weak
interactions in the aggregation states. Therefore, the molecular
conformations of PNO can be easily changed by external
stimuli, resulting in evident emission alterations.

As motivated by the satisfactory AIE performance of PNOy
and PNO, bioimaging was then conducted for cancer cells. It is
worth noting that biocompatibility is an essential parameter for
biological analysis and clinical diagnosis. Consequently, CCK8
counting kits were used to evaluate the cytotoxicity of PNOy and
PNO. The studies on dose-dependent cytotoxicity illustrated
that the A549 cancer cells still exhibited high survival when the
concentrations of PNOy and PNO reached 20 uM (Fig. S14,
ESIY). Thus, the good biocompatibilities to the cells make these
two AlEgens suitable candidates for bioimaging.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, A549 cells were incubated with 10 uM of
either PNOy or PNO for 2 h. We surveyed the cell behaviors
by confocal laser scanning microscopy (CLSM), and the results
showed that both PNOy and PNO could penetrate the cell
membranes and enter the organelles. Subsequently, a commer-
cial staining agent, BODIPY, was used for colocalization experi-
ments to evaluate the LD imaging performance. It was found
that PNOy could selectively concentrate in LDs and emit strong
green fluorescence (1o, = 501 nm) to image these organelles
(Fig. 4a—c). The Pearson’s coefficient between PNOy and BOD-
IPY was calculated to be 0.87, suggesting that PNOy is a
promising candidate for LD imaging. By contrast, PNO could
specifically anchor the mitochondria and then produce intense
orange-yellow fluorescence (Aey, = 598 nm) to visualize these
energy generators in the cells. Fig. 4d-f illustrate that PNO
highly overlap with MitoTracker Green, and the corresponding
Pearson’s coefficient was determined to be 0.84. Accordingly, it
may serve as a new staining agent for mitochondrial imaging.
These results fully demonstrate that PNOy and PNO from the
same AIE system can selectively and efficiently image different
organelles. Their satisfactory fluorescence quantum yields and
Pearson’s coefficients are comparable to most typical AIEgens
that are used for LD and mitochondrion imaging.**** Conse-
quently, the ionization of AIEgens may be a helpful and
straightforward approach for developing excellent staining
agents for distinct organelles.

Conclusions

In summary, a twisted organic luminophore PNOy and its
corresponding ionic compound PNO were prepared and found
to show prominent AIE properties. They presented high fluores-
cence quantum yields of 26.3% and 19.1%, respectively, in the
solid-state. Furthermore, PNOy exhibited reversible mechano-
chromism with an emission alteration of 41 nm. For PNO, its
fluorescence can be switched between green and red by
mechanical force and acetone vapor stimuli, showing a remark-
able emission variation up to 104 nm. Furthermore, PNOy and
PNO can concentrate in LDs and mitochondria, respectively,
and produce intense fluorescence to selectively image the
organelles in cells. These results demonstrate that PNOy and
PNO are multifunctional AlEgens that are promising for sen-
sing, anti-counterfeiting, and bioimaging applications.
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