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Two red-emissive luminogens (TPTH and TPTB) with typical aggregation-induced emission characteristics
were developed. By introducing the heavy atom of Br at the end of alkyl chain, TPTB exhibited higher
reactive oxygen species generation efficiency through both types I and II pathways. Due to its excellent
biocompatibility and proper lipophilicity, TPTB could be used for long-term cell membrane staining and
this staining ability was independent of the change of plasma membrane potential. Furthermore, TPTB
could ablate the cancer cells through cell membrane-targeted photodynamic therapy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cell plasma membrane, the key barrier that protects cells from
extracellular environment, plays indispensable roles in maintain-
ing cellular homeostasis. Intact plasma membrane facilitates di-
verse important biological processes including immunologic re-
sponse elicitation, signal transduction, inorganic ion trafficking,
nutrient substances endocytosis and exocytosis [1,2]. While rup-
tured plasma membrane usually considered as the hallmarks of
cell necrosis and apoptosis [3]. Considering the crucial physiolog-
ical and pathological roles of cell plasma membrane, tracing its
long-term dynamics as well as regulating its integrity is of prior
importance.

The development of advanced fluorescent probes greatly sim-
plified the protocols of cell dynamic visualization without appre-
ciably affecting cell viability [4,5]. Meanwhile, compared to im-
munofluorescence assay [6] and covalent fluorescent labelling [7],
small-molecule fluorescent probes are more conducive to real-
time and in situ cell imaging with higher sensitivity [8-10]. Sev-
eral novel fluorescent probes for cell plasma membrane have been
reported in recent years, such as commercial membrane probes
of Dil and its derivatives [11]. These carbocyanine based mem-
brane probes generally rely on their lipophilic alkyl chains to in-
sert into plasma membrane while use their hydrophilic groups to
resist the internalization process. However, highly complex and
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ever-changing properties of plasma membrane make above am-
phiphilic probes readily penetrate the cell membrane and grad-
ually diffuse within cytoplasm after a short period, resulting in
the failure of long-term membrane dynamic tracking. In the mean-
time, annoying aggregation-caused quenching (ACQ) effect of these
conventional membrane probes severely reduce their signal-to-
noise ratio (SNR) and further limited their membrane imaging
performance [12].

The emergence of the aggregation-induced emission lumino-
gens (AlEgens) provides a brand-new molecular design concept to
construct fluorescent probes that surpass the shortcomings arose
from traditional ones [13]. Taking advantages of their “light-up”
effect which originated from the restriction of intramolecular ro-
tation, AlEgens present better imaging performance with higher
SNR, wider concentration tolerance, and more superior photosta-
bility [14-16]. Recently, some AlEgens that favorable of labelling
cell plasma membrane have been reported [17-23]. Additionally,
benefiting from the enhanced reactive oxygen species (ROS) gener-
ation in the condensed state, some elegant AlE-active photosensi-
tizers with regulating cell fate through membrane-targeted photo-
dynamic therapy (PDT) have been developed [24-27]. Nevertheless,
simple AIE probe that can realize long-term plasma membrane
tracking and simultaneously present efficient membrane-targeted
PDT is still rare.

In this report, two AlEgens (designated as TPTB and TPTH)
with red emission were designed and synthesized by attaching di-
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Scheme 1. Illustration of chemical structure and bio-applications of desired AlEgen.

cyano vinyl-substituted thiophene group to the alkoxyl-branched
tetraphenylethylene (TPE) moieties (Scheme 1). Benefiting from
the excellent biocompatibility and suitable lipophilicity, TPTB could
successfully embed in the cell plasma membrane and reside in the
membrane for 4 h. Meanwhile, the electrically neutral feature en-
abled TPTB to resist the change of plasma membrane potential.
By virtue of heavy atom effect, the TPTB that bearing Br atom
presented higher ROS generation efficiency under white light ir-
radiation, and could serve as an ideal probe to ablate cancer cells
through membrane-mediated PDT process.

Both compounds were prepared according to the synthetic
routes showing in Schemes S1 and S2 (Supporting information).
They were fully characterized by NMR (Fig. S18-Fig. S31 in Sup-
porting information), high resolution mass spectrometry, and sin-
gle crystal X-ray diffraction to confirm the correct of their struc-
tures. The photophysical properties of synthesized compounds
were studied initially. As shown in Fig. 1A, both compounds gave
the longest absorption bands at 450 nm in pure DMSO solution
with high molar absorptivity of ca. 2.3 x 104 L mol~! ¢m~!, which
could be reasonably ascribed to the intramolecular charge trans-
fer transition [28]. To evaluate the AIE properties, the photolumi-
nescence of two compounds in DMSO/water mixtures with differ-
ent water volumetric fraction (fiy) was measured. Taking TPTB as
an example, when it was dissolved in DMSO solution, faint emis-
sion was collected with fluorescence quantum yield (@) of 0.01
and fluorescence lifetime (7avg) of 1.14 ns. Increasing the fw, how-
ever, the emission at 625 nm gradually increased, and the emission
intensity reached to the maximum at f,y of 70% with 94-fold in-
tensity enhancement (Figs. 1B and C). 73-fold emission increment
still achieved with @ of 0.18 and 7,y of 3.03 ns at fw of 99% (Fig.
S2, Table S1 in Supporting information). Similar fluorescent light-
up phenomenon along with increasing of fy, was observed for TPTH
(Fig. S1 and Fig. S2, Table S1 in Supporting information). The par-
ticle size distribution of two compounds at f,y 99% were measured
to be 51 nm (TPTB) and 104 nm (TPTH), confirming the existence
of nanoaggregates (Fig. S3 in Supporting information). Above re-
sults demonstrated both compounds are typical AlEgens. Notably,
benefiting to the AIE features, the solid-state emission intensity of
both AlEgens significantly boosted (@ of 0.38 for TPTB and 0.29 for
TPTH) compared to their solution state (Fig. S4, Table S1 in Sup-
porting information).

The commercial probe of 2’,7'-dichlorodihydrofluorescein di-
acetate (DCF-DA) was employed to assess the ROS generation
of AlEgens under white LED light irradiation (400—700 nm, 50
mW/cm?). As shown in Fig. 1D and Fig. S5 (Supporting informa-
tion), upon exposing the solution containing AlEgens and DCF-DA

to the white light, the emission intensity at 525 nm rapidly in-
creased with increasing of irradiation time, giving 120 (TPTB) and
85-fold (TPTH) enhancement after 180 s, which indicated the ef-
ficient generation of ROS by both AlEgens. To prove the specific
type of generated ROS, different commercial probes, such as di-
hydrorhodamine 123 (DHR123, O,°~ probe), hydroxyphenyl fluo-
rescein (HPF, "OH probe), and 9,10-anthracenediyl-bis(methylene)
dimalonic acid (ABDA, 10, probe) were introduced [29,30]. When
mixture of AlEgens and DHR123 were irradiated under white light
for 120 s, dramatically boosted emission intensities at 530 nm
were observed, giving 1860 and 700-fold enhancement for TPTB
and TPTH (Fig. 1E and Fig. S6 in Supporting information). Similarly,
both AlEgens induced the emission enhancement of HPF (520 nm)
with 410 and 237-fold after white light irradiation for 15 min (Fig.
1F and Fig. S7 in Supporting information). The existence of ‘OH
was further validated by electron paramagnetic resonance (EPR)
spectroscopy using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a
radical trapping agent. The EPR intensity ratio of 1:2:2:1 induced
by AlEgens was in good agreement with the literature (Fig. 1G)
[31]. Above results distinctly revealed that AlEgens could produce
‘OH and O, radicals through the pathway of electron transfer.
Additionally, when irradiating the mixture of ABDA and AlEgens
with white light for 40 min, the absorption peak at 378 nm de-
creased about 87% and 60% for TPTB and TPTH, respectively, re-
vealing AlEgens could also generate '0, through the pathway of
energy transfer (Fig. 1H and Fig. S8 in Supporting information).
The quantum yields of 10, were further measured to be 0.71 and
0.42 for TPTB and TPTH, respectively (Fig. 1I). Apparently, the ROS
generation ability of TPTB is better than TPTH, which could be at-
tributed to more efficient intersystem crossing of TPTB induced by
the heavy atom of Br.

The single crystals of AlEgens were successfully obtained and
fully characterized by X-ray diffraction (Table S2 in Supporting in-
formation). Taking TPTB as an example, it exhibited non-planer
conformation due to the existence of TPE unit. The torsion an-
gles between central vinyl and benzene rings ranged from 42.93°
to 53.55° (Fig. 2A). The distance between adjacent molecules was
measured to be 6.996 A (Fig. 2B), which exceeded the standard
7 —m stacking interaction. Meanwhile, multiple C-H---7 (2.704 and
2.719 A) interactions within crystal lattices were observed (Fig. S9
in Supporting information). The distorted conformation, multiple
C-H---r interactions as well as the lack of w—m stacking helped
the excited molecules to avoid non-radiative decay and displayed
enhanced emission in the aggregated state. Similar molecular con-
formation and packing mode were obtained for TPTH (Fig. S10 and
Fig. S11 in Supporting information).



H. Zhao, N. Li, C. Ma et al.

Chinese Chemical Letters 34 (2023) 107699

A 25000 B e00 C 300
— TPTB —m- TPTH
~ —TPTH ] o 250 -@-TPTB
“g 20000+ S0 £, (vol%)
S S
B | J
2 3. 400+ 200
= 150001 %
= 2 -
= k] =~ 150
£ € 3004 =
= =
£ 10000 2 1004
& £ 2004
g - 50
< 5000 1
2 100
04
0_ T T T T T T T T T - T T T T X T
350 400 450 500 550 600 650 500 550 600 650 700 750 0 20 40 60 80 100
Wavelength (nm) Wavelength (nm) Water fraction (vol%)
D 150 E 2400 F 450
—i— Blank —i— Blank —l— Blank
120/ —@—TPTH 2000{ —@—TPTH 3g0] —@ TPTH
—A—TPTB —A—TPTB —A—TPTB
1600
90+ 270
=e ~° ~
: / % My 2
60 - 180
/ 800-
30 90
400+
04 0 - 0
0 30 60 90 120 150 180 0 20 40 60 8 100 120 0 3 6 9 12 15
Time (s) Time (s) Time (min)
G —— TPTB-Light H | 15
—— TPTB+Ligh
Ll T i 1.0+ W RB:OT5 .
v i I v 12/ @ TPTH:071
A TPTB:0.42
—— TPTH-Light 0.8
& —— TPTH-+Light
] Bt et o
2 i T
= < 0.6-| <
£ o =
© —— CV-Light < <
—— CV+Light - Y
on A A A ) . 0.4 =
w v i v v .
—— DMPO-Light —&— Blank
—— DMPO+Light 0.24 _@_TPTH
oty shi ottt it i —B-TPTB
- - - , 0.0+———F——F———————————— ; : : , : | ; v
3310 3330 3350 3370 3390 0 5 10 15 20 25 30 35 40 o 1 2 3 4 5 6 7
Field [G] Time (min) Time (min)

Fig. 1. (A) Absorption spectra of AlEgens (10 pmol/L) in DMSO solution. (B) The emission spectra of TPTB in DMSO/water mixtures with different f,,. (C) Plots of I/l of
AlEgens versus f. Ip represents the emission intensity in DMSO, I represents the emission intensity at different f,,. (D—F) Plots of I/l in the presence of AlEgens versus
irradiation times. Iy and [ in (D), (E), and (F) are the emission intensity of DCF-DA at 525 nm, DHR123 at 530 nm, and HPF at 520 nm before and after white light irradiation
(400—700 nm, 50 mW/cm?), respectively. (G) EPR spectra of AlEgens, CV, and DMPO with or without white light irradiation (400—700 nm, 50 mW/cm?, 5 min). (H) Plots of
AJAy in the presence of AlEgens versus irradiation times. Ay and A are the absorbance of ABDA at 378 nm before and after white light irradiation (400—700 nm, 50 mW/cm?).
(I) The decomposition rate constants of AlEgens and Rose Bengal (RB).

Based on the excellent optical properies of AlEgens, their cell
imaging applications were next carried out using confocal laser
scanning microscopy (CLSM). As shown in Fig. S12 (Supporting in-
formation), intense red fluorescent signals from cell plasma mem-
brane were observed after incubating HeLa cells with both AlEgens
(10 pmol/L) for 60 min. To further confirm their exact cellular lo-
cations, co-localization experiments using commercial membrane

Fig. 2. View of (A) torsion angles and (B) packing mode in single crystal of TPTB.

probe of DiD were conducted. As shown in Fig. 3A and Fig. S13
(Supporting information), both AlEgens overlapped well with DiD,
giving Pearson’s correlation coefficients of 0.90 and 0.80 for TPTB
and TPTH, respectively. Further co-localization between TPTB and
other organelle trackers, such as Hoechst 33342 (nucleus probe),
MitoTracker Green (MTG, mitochondria probe), and LysoTracker
Green (LTG, lysosome probe), were performed. Based on the CLSM
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Fig. 3. (A) CLSM images of HelLa cells co-stained with TPTB (10 pmol/L) and different organelle trackers. (B) The long-term images of HelLa cells treated with TPTB or DiO.

Scale bar: 10 pm.

images, TPTB presented little co-localizations with other organelle
trackers while the corresponding Pearson’s correlation coefficients
were lower than 0.08. Beside Hela cells, the imaging performance
of TPTB towards other cell lines was also evaluated. As shown in
Fig. S14A (Supporting information), the plasma membrane of MCF-
7 and U87-MG cells could also be successfully stained by TPTB.
Benefiting from the special AIE feature, TPTB stained the plasma
membrane even without washing, favoring the in-situ tracking of
membrane morphology change (Fig. S14B in Supporting informa-
tion).

Long-term imaging the plasma membrane dynamics provides
facile strategy to understand the physiological changes during cell
signal transduction, cell division, adhesion and extension. Consid-
ering better membrane staining performance of TPTB, we next as-
sessed its membrane retention abilities. As shown in Fig. 3B, the
red fluorescent signals of TPTB form cell membrane emerged af-
ter staining for 0.5 h. The red fluorescent signals from membrane
contour became more distinct when the incubation time extended
to 1 h. Notably, the fluorescent signals from cell membrane main-
tained even the incubation time prolonged to 4 h. On the contrary,
both DiO and DiD easily internalized into cytoplasm after 2 h (Fig.
S15 in Supporting information). The imaging results revealed TPTB
could act as a reliable membrane tracker for specific and long-
term plasma membrane imaging. Additionaly, almost none signal
loss was observed for TPTB after 150 s of continuous laser scans,
suggesting its excellent photobleaching resistance (Fig. S16 in Sup-
porting information).

Cell plasma membrane potential (AWpj,sma)s the voltage differ-
ence across the living cell membrane, plays indispensable roles in
facilitating transmembrane ion transportation [32]. However, the
AWpjsma decreases during membrane depolarization, which usu-
ally makes the cationic membrane probes losing their membrane
anchoring capabilities. To assess whether the desired lipophilic
TPTB could resist the AWpj,sm, changes, commercial AWp g, indi-
cator of DiBAC4(3) was employed. As shown in Fig. 4A, when Hela
cells were depolarized by KCl solution (100 mmol/L), the red fluo-
rescent intensity of TPTB almost unchanged whereas the green flu-
orescent intensity of DiBAC4(3) gradually increased after the incu-

bation time prolonging to 9 min. Importantly, increasing the con-
centration of KCl from 0 to 140 mmol/L, negligible fluorescent in-
tensity changes of TPTB were obtained (Figs. 4B and C, Fig. S17
in Supporting information), implying TPTB could be a promising
AV sma-independent membrane probe. The lipophilic nature of
TPTB should be responsible for its excellent resistance towards the
AWlasma-

Passive disruption the plasma membrane integrity by harmful
species from external environments usually results the cell death.
Considering the long-term membrane anchoring and efficient ROS
generation abilities of TPTB, we speculated it could rupture the
plasma membrane through PDT process to induce cell death. As
shown in Fig. 5A, the TPTB pre-stained Hela cells were irradiated
with white light for 30 min and then stained with Annexin V-FITC,
the green fluorescent signals of Annexin V-FITC from cell mem-
brane appeared at 8 min and became brighter with incubation
time prolonged to 24 min. On contrary, silenced fluorescent signals
were observed in the absence of light irradiation. Above results
demonstrated TPTB could induce cell apoptosis under white light
irradiation. The phototoxicity of TPTB was next evaluated by 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT)
assay. As shown in Fig. 5B, a significant dose-dependent cyto-
toxicity was achieved after treating HelLa cells with both TPTB
and white light irradiation, and the cell viability dropped to
33.27% + 1.24% when concentration of TPTB was increased to
100 pumol/L. However, negligible cytotoxicity was observed and the
cell viability still maintained at 93.47% + 8.25% in the presence
of TPTB alone (100 pmol/L). The phototoxicity of TPTB was fur-
ther assessed by trypan blue staining method. As displayed in Fig.
5C, lots of blue nuclei from HelLa cells were obtained when the
cells treated with TPTB (10 pmol/L) and white light, revealing TPTB
could ablate the cancer cells through membrane-targeted PDT pro-
cess.

In conclusion, two TPE-based AlEgens (TPTB and TPTH) were
developed. The AlEgens efficiently generate ROS through both en-
ergy and electron transfer pathways. Due to the heavy atom effect
of Br, TPTB exhibited higher ROS generation efficiency. Thanks to
the proper lipophilicity, TPTB could image the cell plasma mem-
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Fig. 4. (A) Time-dependent CLSM images of TPTB (10 umol/L) or DIBAC4(3) (5 pmol/L) stained HeLa cells after treating with (or without) KCl solution (100 mmol/L). (B) CLSM
images of TPTB (10 umol/L) stained HeLa cells after treating with various concentrations of KCl solution for 0 and 9 min. (C) Plot of I/l of TPTB versus the concentrations of
KCL Ip and I represent the intensity of TPTB at 0 and 9 min, respectively. Scale bar: 10 pm.
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Fig. 5. (A) Real-time cell apoptosis tracking after TPTB prestained-HeLa cells were exposed to white light (400—700 nm, 50 mW/cm?, 30 min). (B) Cell viability of HeLa cells
treated with TPTB in the presence or absence of white light irradiation (400—700 nm, 50 mW/cm?, 30 min). Mean + SD (n=5). *** P < 0.001. (C) Trypan blue staining assay
for HeLa cells treated with or without TPTB in the presence or absence of white light irradiation (400—700 nm, 50 mW/cm?2, 30 min). Scale bars in (A) and (C) are 10 and

50 pm, respectively.

brane with high specificity and long-term retention ability. Im-
portantly, the proper lipophilicity of TPTB enabled it to resist the
change of AWpj,qm,. Efficient ROS generation of TPTB made it to
ablate the cancer cells through membrane-targeted PDT effect. This
study will provide a powerful molecular tool to explore the mech-
anisms of membrane-associated cellular homeostasis.
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