#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Molecularly engineered AlEgens with enhanced
quantum and singlet-oxygen yield for
mitochondria-targeted imaging and photodynamic
therapyf

i '.) Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 9373

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Fang-Zhou Xu, © 2 Ling Zhu, © 1 Hai-Hao Han, © $2°%9 Jian-Wei Zou, @ *°
Yi Zang, © <9 Jia Li, ©*<%9 Tony D. James, & **f Xiao-Peng He & *2
and Cheng-Yun Wang @ *2

Luminogens characteristic of aggregation-induced emission (AlEgens) have been extensively exploited for
the development of imaging-guided photodynamic therapeutic (PDT) agents. However, intramolecular
rotation of donor—acceptor (D-A) type AlEgens favors non-radiative decay of photonic energy which
results in unsatisfactory fluorescence quantum and singlet oxygen yields. To address this issue, we
developed several molecularly engineered AlEgens with partially “locked” molecular structures enhancing
both fluorescence emission and the production of triplet excitons. A triphenylphosphine group was
introduced to form a D-A conjugate, improving water solubility and the capacity for mitochondrial

localization of the resulting probes. Experimental and theoretical analyses suggest that the much higher
Received 14th February 2022 . . e Y o .
Accepted 13th July 2022 quantum and singlet oxygen yield of a structurally “significantly-locked” probe (LOCK-2) than its “partially
locked” (LOCK-1) and “unlocked” equivalent (LOCK-0) is a result of suppressed AIE and twisted

DOI: 10.1039/d25c00889k intramolecular charge transfer. LOCK-2 was also used for the mitochondrial-targeting, fluorescence
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Introduction

Due to its sensitivity, biocompatibility, and high spatiotemporal
precision, fluorescence imaging (FI) is a popular technique for
the real-time tracking of the dynamic biological events within
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image-guided PDT of liver cancer cells.

cells.’” In recent years, FI-guided photodynamic therapeutic
(PDT) agents and materials have been developed for cancer
therapy and exhibit significantly reduced side effects that are
typically associated with traditional chemo- and radio-
therapeutic drugs.®™ This is because the incorporation of
fluorescence and PDT into one single molecule can enable the
positional monitoring in cells and in vivo, where cytotoxicity is
only activated when an external, non-invasive light source is
applied. Among all types of FI and PDT-active agents, organic
dyes are advantageous in terms of the readily tunable photo-
physical properties using simple structural modifications.***®
However, most of the reported organic dyes suffer from
aggregation-caused quenching (ACQ) in both fluorescence and
singlet-oxygen yield, and non-selective localization in cells.
Aggregation-induced emission (AIE) was first reported by the
Tang group,” and describes the enhanced fluorescence of
organic dyes in their aggregated states. Significantly, such AIE-
active dyes have exhibited great promise in the field of
biomedicine.?*** Luminogens characteristic of AIE (AIEgens)
emit strong fluorescence in the aggregated state with high
photostability, which is ideal for cell-based and in vivo optical
imaging.>*?® In addition, appropriately designed AlEgens,
exhibit superior photosensitization of molecular oxygen than
common ACQ-based photosensitizers,***** thereby offering
scope for the development of enhanced FI-guided PDT agents.
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Scheme 1 Schematic illustration of the different dissipation pathways of excited AlEgens, and the molecular-engineering strategy of LOCK-0,
LOCK-1 and LOCK-2 in order to reduce intramolecular motions, leading to suppressed non-radiative decay from their excited states.

The quantum yield (QY) and reactive-oxygen species (ROS)
yield are two main requirements for AIEgens used as FI-guided
PDT agents. As depicted in Scheme 1, when AlEgens are excited
from the ground state (S,) to the singlet state (S; to S,,), there are
three pathways for the excited-state photonic energy to dissi-
pate, which include non-radiative decay, fluorescence emission,
and intersystem crossing (ISC). The excited-state energy is
converted to heat through the non-radiative channel, while,
triplet excitons can be released in the form of phosphorescence
or can be transferred to other substrates, such as *0,, radicals
and biomolecules such as DNA to enable PDT.'***** The amount
of triplet excitons produced determines the theoretical upper
limit of the ROS yield. Recently, the Ding group reported an
elegant molecular design strategy to improve the photothermal
therapy (PTT) efficiency of AIEgens.***® Long alkyl chains were
introduced to the AlEgens in order to enhance the intra-
molecular motions, and thus the excited-state photonic energy
is preferentially harvested through the non-radiative decay
pathway, resulting in an improved PTT effect. We sought to
employ a contrary strategy that, “locks” the intramolecular
motions of common AlEgens, leading to the excited-state
photonic energy being preferentially converted to fluorescence
emission and triplet excitons.

In this study, three donor-acceptor (D-A) type AlEgens, ie.,
LOCK-0, LOCK-1 and LOCK-2, were designed and synthesized
(Scheme 1). Aromatic amines and thiophenes were used as
electron donors (D), to which quinoline bromide as the elec-
tron-acceptor (A) was conjugated. The resulting D-A system was
envisioned to have a long fluorescence emission wavelength
and a high ROS yield.***”"* In addition, triphenylphosphine
bromide, a known mitochondrion-targeting group, was intro-
duced to the D-A conjugate to improve water-solubility. With
our design, the relative motions between the benzene and
thiophene ring of LOCK-0 are “locked” to form the benzothio-
phene derivative LOCK-1. Subsequently, the motions of the
phenyl rings in the diphenylamine group of LOCK-1 were
further “locked” to form the carbazole derivative LOCK-2. Using
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this molecular engineering strategy, we envisioned a substan-
tially enhanced QY and ROS yield due to the locked molecular
motions resulting in reduced non-radiative decay of the
AIEgens.

Results and discussion

Synthesis, photophysical and photochemical properties of the
AlEgens

LOCK-0, LOCK-1 and LOCK-2 were readily synthesized through
the synthetic routes shown in Scheme S17f with a total yield of
50%, 42% and 45%, respectively. Methyl quinoline and tri-
phenyl phosphine (mitochondrion-targeting group) were con-
nected with 1,4-dibromobutane to form an electron-acceptor
matrix with two positive charges. A typical electron-donor AIE
aldehyde, 5-(4-diphenylamino-phenyl)-thiophene-2-
carbaldehyde, was introduced as the “unlocked” moiety of
LOCK-0. Diphenylamine and carbazole were connected to ben-
zothiophene using a Buchwald-Hartwig coupling reaction to
form the “partially locked” and “locked” electron-donor AIE
aldehydes of LOCK-1 and LOCK-2, respectively. LOCK-0, LOCK-
1 and LOCK-2 were then assembled using Knoevenagel
condensation of the electron-acceptor moiety and correspond-
ing electron-donor AIEgen aldehydes. The UV-visible absorp-
tion spectra of the three AlEgens in deionized water are shown
in Fig. S1.T The maximum absorption wavelength (Aex, max) for
the AlEgens is in of the order LOCK-0 = LOCK-1 (523 nm) >
LOCK-2 (473 nm) (Table 1). The shorter absorption wavelength
of LOCK-2 could be ascribed to the presence of the carbazole
group with restricted intramolecular motions and reduced -
conjugation.” Theoretical calculations were performed for the
three AlEgens with hybrid density functional, CAM-B3LYP, in
combination with 6-31G(d) basis set (Table S17).** The contour
plots of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are displayed in
Fig. 1A. It was found that the HOMO of LOCK-2 was more
delocalized at the carbazole group, and that of LOCK-0 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photophysical and photochemical properties of LOCK-0, LOCK-1 and LOCK-2

AIEgen Aex, max (M) Jem, max” (M) Stokes shift® (nm) E‘M'em™) QY* 10, yield’ (white light) 10, yield? (laser)
LOCK-0 523 744 221 16 916 1.23% 111.7% 91.3%

LOCK-1 523 700 177 24 092 1.94% 104.0% 129.7%

LOCK-2 473 612 139 21 667 56.81% 159.1% 205.6%

“ Maximum absorption wavelengths of three AlEgens (LOCK-0, LOCK-1 and LOCK-2) in aqueous solution. AIEgen concentration: 10 pM.
b Maximum emission wavelengths of three AlEgens in fy = 99% solution. AIEgen concentration: 10 pM. lex: LOCK-0 and LOCK-1: 523 nmy;
LOCK-2: 473 nm. © Stokes shifts calculated by Aem, maxe — Aex, max @ Molar extinction coefficients of three AlEgens in aqueous solution. AIEgen
concentration: 5 pM. ¢ QY of three AIEgens in fr = 99% solution measured by an Edinburgh FLS980 fluorescence spectrophotometer with
a standard integrating sphere. AIEgen concentration: 10 pM. A LOCK-0 and LOCK-1: 523 nm; LOCK-2: 473 nm. / 10, yields calculated with
ABDA of three AlEgens under white light irradiation. White light: 400-700 nm, 10 mW cm™>. 'O, yield of RB = 75%. ¢ 'O, yields calculated
with ABDA of three AlEgens under laser irradiation. Laser: 520 nm for LOCK-0, LOCK-1 and RB, and 480 nm for LOCK-2, 7 mW cm 2. '0, yield

of RB = 75%.

LOCK-1 was mainly delocalized along the aromatic amines and
thiophenes. The HOMO-LUMO energy gaps (AE,) of LOCK-0,
LOCK-1 and LOCK-2 were calculated to be 3.98, 4.09 and
4.42 eV, respectively, which is consistent with their maximum
absorption wavelengths as determined by UV-vis spectroscopy.
The HOMO and LUMO of LOCK-2 is spatially more separated
than those of LOCK-0 and LOCK-1, resulting in a disfavored
intramolecular charge transfer (ICT) of the former.

Next, the AIE properties of the AIEgens were evaluated in
deionized water with increasing THF fractions (f). As shown
in Fig. 1C and D and S2,7 all the AIEgens displayed minimal
fluorescence in water, and their fluorescence was enhanced
significantly with 99% f, suggesting the good water solubility
of the AIEgens. As the fr increased from 0% to 99%, the fluo-
rescence intensity of LOCK-2 enhanced gradually, while that of
LOCK-0 and LOCK-1 did increase until 99% THF was added. In
addition, measuring their solvent sensitivity (Fig. S31) and
Stokes shifts (Table 1) suggests that the twisted intramolecular
charge transfer (TICT) effect of the AlIEgens is in an order
LOCK-0 > LOCK-1 > LOCK-2.*> The relatively weaker AIE and
TICT effect for LOCK-2 is a result of the suppressed intra-
molecular motions with respect to LOCK-0 and LOCK-1. The
absolute QY of LOCK-0, LOCK-1 and LOCK-2 in fr = 99%
solution were measured to be 1.23%, 1.94% and 56.81%,
respectively (Table 1). We expect that the higher QY of LOCK-2
was due to the suppressed intramolecular motions, facilitating
the radiative pathways of the excited-state photonic energy.
The dihedral angles (6) of the Csp” (in the terminal benzene)-
N-Csp®>~Csp® were also calculated for the three AIEgens
(Fig. S41). The ¢ values of LOCK-2 at S, and S; states are larger
than those of LOCK-0 and LOCK-1, which might reduce
intermolecular packing that leads to ACQ. It has been reported
that a reduced TICT effect can facilitate an enhanced QY for
luminogens,**** which agrees with our observations with
LOCK-2.

2/,7'-Dichloro-dihydrofluorescein (H2DCF), the hydrolyzed
product of 2/,7'-dichloro-dihydro-fluorescein diacetate (H2DCF-
DA) was used to evaluate the ROS production of the AIEgens.
H2DCF is oxidized by ROS to produce 2/,7'-dichloro-fluorescein
(DCF) with strong fluorescence detectable at ca. 523 nm. As
shown in Fig. 1E and S5, the fluorescence of DCF was observed
for all three AIEgens under white light irradiation, proving their

© 2022 The Author(s). Published by the Royal Society of Chemistry

capacity for ROS production. The fluorescence intensity of DCF
with LOCK-2 increased more significantly than for LOCK-0 and
LOCK-1, suggestive of the higher ROS yield for the former. We
then quantitatively determined the ROS yields of the AIEgens
using  9,10-anthracenediyl-bis(methylene)dimalonic  acid
(ABDA). The absorption peaks at 359, 378 and 399 nm of ABDA
decreases when 'O, is present. Two excitation sources, white
light (400-700 nm) and a laser (480 or 520 nm), were used. As
shown in Fig. 1F and G and S6,7 after irradiation with both light
sources, the absorption peaks of ABDA decreases rapidly with
all the AlEgens, clearly indicating the generation of 'O,. Using
Rose Bengal (RB) as a reference with a 75% yield, the 'O, yields
of LOCK-0, LOCK- 1 and LOCK-2 were determined to be 111.7%,
104.0% and 159.1% under white light irradiation, and 91.3%,
129.7% and 205.6% under laser irradiation (Table 1 and Fig. S6
and S71), respectively. The higher 'O, yield of LOCK-2 compared
with LOCK-0 and LOCK-1 could be partially explained by
differences in the energy gap between singlet and triplet excited-
states (AEsy). The excited-state characteristics of the three AIE-
gens were calculated by time-dependent DFT, and the solvent
effects were considered by applying the conductor-like polariz-
able continuum model (CPCM).** The energy gap between the S;
and T, excited-states of LOCK-2 was 0.1457 eV (Fig. 1B and
Tables S2-S47), significantly smaller than the energy gaps
between the S, and T, excited-states of LOCK-0 (1.1450 eV) and
LOCK-1 (1.1509 eV). This means that LOCK-2 probably exhibits
an enhanced ISC process, and therefore increased ROS
production. Moreover, the higher *0, yield of LOCK-2 could also
be ascribed to the reduced intramolecular motions, which is
consistent with the enhanced QY when compared with the other
two AlEgens. Electron paramagnetic resonance (EPR) with the
0, trapping agent, tetramethylpiperidine (TEMP), was used to
corroborate the presence of 'O, when the AlEgens were irradi-
ated with light. As shown in Fig. 1H, in all three AIEgens groups,
characteristic triple peaks assigned to 'O, were recorded after
white light irradiation.®

Fluorescence-guided imaging and PDT in HepG2 cells

With their promising optical properties determined, we then
evaluated the FI and PDT properties of the AlEgens, LOCK-0,
LOCK-1 and LOCK-2 in living cells. Mitochondria are the

“energy factory” of «cells, and play key roles in cell

Chem. Sci., 2022,13, 9373-9380 | 9375
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Fig. 1 (A) HOMO-LUMO contour plots and AE; of LOCK-0, LOCK-1 and LOCK-2. (B) Energy level diagram of singlet and triplet states of the
three AlEgens. Computational method: CAM-B3LYP/6-31G(d). Solvent: water. (C) Normalized fluorescence intensity of the AlEgens LOCK-0,
LOCK1 and LOCK-2 in deionized water (dashed lines) and fr = 99% solution (solid lines). AlEgen concentration: 10 uM. Aex: LOCK-0 and LOCK-1:
523 nm; LOCK-2: 473 nm. (D) Changes in fluorescence intensity (//lo, where | and Iy are the fluorescence intensity of an AlEgen in the absence
and presence of THF, respectively) of the AlEgens in THF/H,O mixtures with different THF fractions. AIEgen concentration: 10 pM. Ae,: LOCK-
0 and LOCK-1: 523 nm; LOCK-2: 473 nm. (E) Fluorescence intensity of H2DCF solution at 523 nm with the AlEgens under white light irradiation
with time. AlEgen concentration: 10 uM. H2DCF concentration: 5 pM. White light: 400-700 nm, 10 mW cm 2. Aex = 488 nm. (F) Relative
absorbance area (A/Ao) of ABDA solution at 359, 378 and 399 nm with AlEgens and RB under white light irradiation with time. AlEgen
concentration: 5 pM. ABDA concentration: 50 uM. White light: 400-700 nm, 10 mW cm~2. (G) Relative absorbance area (A/Ao) of ABDA solution
at 359, 378 and 399 nm with AlEgens and RB under laser irradiation with time. AlEgen concentration: 5 uM. ABDA concentration: 50 uM. Laser:
520 nm for LOCK-0, LOCK-1 and RB, and 480 nm for LOCK-2, 7 mW cm™2. (H) EPR spectra of TEMP with AlEgens in aqueous solution with and
without white light irradiation. AlEgen concentration: 1.0 mM. TEMP concentration: 25 mM. White light: 400-700 nm, 10 mW cm™2,
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differentiation, cell communication, cell growth, and normal cells, making mitochondrial-targeting agents suitable
apoptosis.*” The mitochondrial membrane potential (MMP) of for targeted cancer cell localization.***” Unsatisfactory photo-
cancer cells has been found to be generally higher than those of stability and the need for washing before imaging are the
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Fig. 2 (A) Concentration-dependent fluorescence imaging by confocal laser-scanning microscopy and (B—D) fluorescence quantification of
HepG?2 cells with LOCK-0, LOCK-1 and LOCK-2 in washed and wash-free manner. Hoechst 33342 concentration: 5 ug mL™%. Excitation source:
Hoechst 33342: 405 nm; LOCK-0: 562 nm; LOCK-1: 562 nm; LOCK-2: 488 nm. Emission filter: Hoechst 33342: 410-480 nm; LOCK-0: 600—-
800 nm; LOCK-1: 600-800 nm; LOCK-2: 570-630 nm. (E) Fluorescence imaging of HepG2 cells with LOCK-0, LOCK-1 and LOCK-2 co-stained
with MitoTracker® Deep Red (F) fluorescence quantification of a selected section across the HepG2 cells. (G) Fluorescence imaging of HepG2
cells with LOCK-0, LOCK-1 and LOCK-2 co-stained with LysoTracker® Deep Red by confocal laser-scanning microscopy. Hoechst 33342
concentration: 5 pg mL™%. MitoTracker® Deep Red, LysoTracker® Deep Red concentration: 200 nM. AlEgens concentration: 5 pM. Excitation
source: Hoechst 33342: 405 nm; MitoTracker® Deep Red, LysoTracker® Deep Red: 638 nm; LOCK-0: 562 nm; LOCK-1: 562 nm; LOCK-2:
488 nm. Emission filter: Hoechst 33342: 415-487 nm; MitoTracker® Deep Red, LysoTracker® Deep Red: 648-710 nm; LOCK-0: 600-800 nm;
LOCK-1: 600-800 nm; LOCK-2: 570-650 nm. *P < 0.05, ns: not significant.
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drawbacks of many existing mitochondrial-targeting fluores-
cent probes. Due to the excellent water solubility and significant
fluorescence enhancement upon aggregation, we evaluated the
FI capacity of the AlEgens in a wash-free manner with HepG2
(human hepatoma) as a model cell line.
Concentration-dependent, wash-free experiments of the
three AIEgens were conducted to initially assess their FI capa-
bility. As illustrated in Fig. S8,1 using Hoechst 33342 to stain the
cell nucleus, the cells in all the three groups exhibited strong
fluorescence corresponding to the AlEgens after incubation for
1 h. The fluorescence intensities of the AIEgens in both wash-
free and washed groups were enhanced as the concentration
of the probes increased (such as LOCK-2 in Fig. 2A). In addition,
the fluorescence intensities of the AIEgens in the two groups
were found to be similar, suggesting that minimal background
fluorescence is produced with the wash-free protocol (Fig. 2B-
D). This observation agrees with the AIE feature of the water-
soluble probes, which show minimal fluorescence in highly
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aqueous solutions (such as the cytoplasm), where their fluo-
rescence is only enhanced when they are aggregated or rigidi-
fied. In addition, all three AIEgens exhibited good photostability
after continuous laser-scanning (60 times, Fig. S9 and S107).
To determine whether the fluorescence in cells was the result
of the aggregation of the probes in the mitochondria, a co-
localization assay was carried out. MitoTracker and Lyso-
Tracker, which selectively stain the mitochondria and lyso-
somes in cells, respectively, were used. As shown in Fig. 2E and
F, after co-staining of the HepG2 cells with AIEgens and Mito-
Tracker, a significant overlapped fluorescence between the two
was observed, with Pearson's correlations (R) being 0.88, 0.87
and 0.88 for LOCK-0, LOCK-1 and LOCK-2, respectively. This
suggests good mitochondrial-targeting capacity of the AIEgens
bearing the cationic triphenylphosphine group. However, the
results of co-staining experiments with AlEgens and Lyso-
Tracker showed a much lower correlation (Fig. 2G and S11%).
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Fig. 3 (A) Fluorescence imaging of HepG2 cells with LOCK-2 stained with H2DCF-DA with and without white light irradiation by confocal laser-
scanning microscopy. (B) Fluorescence imaging of HepG2 cells with LOCK-2 stained with Pl, Annexin V-FITC with and without white light
irradiation by confocal laser-scanning microscopy. Fluorescence quantification of HepG2 cells with LOCK-2 stained with PI (C) and Annexin V-
FITC (D) with and without white light irradiation. (E) Cell viability of HepG2 cells after treatment with various concentrations of LOCK-2 with and
without white light irradiation. H2DCF-DA concentration: 10 uM. Annexin V-FITC/PI concentration: 1 : 100 of stock solution. MTS/PMS: 20 : 1,
Promega Corp, 20 uL per well. Excitation source: H2DCF-DA: 488 nm; PI: 561 nm; Annexin V-FITC: 488 nm. The emission filter: H2DCF-DA:
500-550 nm; Pl: 570-630 nm; Annexin V-FITC: 500-550 nm. Irradiation time: 2 h. White light: 22.7 mW cm™2. ***P < 0.001, **P < 0.01, *P <
0.05, ns: not significant.
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Next, we analyzed the PDT effect of the AIEgens for HepG2
cells. LOCK-2 with the best ROS yield as determined in solution-
based tests was chosen. First, the in situ ROS generation of the
probes was tested using H2DCF-DA as the indicator (Fig. 3A).
While minimal fluorescence was observed after incubation of
HepG2 cells with 40 pM LOCK-2 in the dark, strong green
fluorescence of DCF occurred with white light irradiation (22.7
mW cm ™) for 2 h. This indicates the intracellular production of
ROS by LOCK-2 after light irradiation. Then, PDT-induced
apoptosis was evaluated using commercial Annexin V-FITC/PI
(Propidium Iodide) double staining assay kit. Early apoptosis
of cells is indicated by the green fluorescence of Annexin V-
FITC, and late cell apoptosis or necrosis is indicated by the
red fluorescence of PI. When HepG2 cells were incubated with
LOCK-2 and then irradiated with white light (22.7 mW e¢m™?) for
2 h, the fluorescence intensities of Annexin V-FITC and PI were
found to be much stronger than those without light irradiation;
the PDT effect was also found to be concentration-dependent
(Fig. 3B-D and S12 and S13t). Subsequently, the cell viability
was measured using an MTS assay. As illustrated in Fig. 3E and
S14,7 the cell viability of HepG2 cells after incubation with
increasing concentrations of LOCK-2 was not reduced in the
dark, suggesting its low dark toxicity. However, when light was
applied, a significantly reduced cell viability (15%) was observed
when 40 uM of the AIEgen was used. Moreover, the in vitro PDT
efficiency of LOCK-2 was further evaluated with commercial
PSs, Ce6 (Chlorin e6) and RB. As shown in Fig. S15,7 LOCK-2
exhibited high phototoxicity similar to that of Ce-6 and RB at
the concentration of 40 uM, indicating the great potential of
LOCK-2 as a PDT agent for cancer therapy.

Conclusions

Three water-soluble AlEgens for FI-guided PDT were developed.
LOCK-2 exhibited attenuated AIE and TICT effects resulting in
improved QY and ROS yields. We ascribed this observation to
the suppressed intramolecular motions of LOCK-2 facilitating
the conversion of excited photonic energy into fluorescence
emission and triplet excitons. Due to good water-solubility and
electrostatic interactions with MMP, mitochondrial-targeting FI
of HepG2 cells was achieved using a wash-free protocol. In
addition, LOCK-2 exhibited concentration-dependent PDT
effects in HepG2 cells with minimal cytotoxicity in the dark. We
expect that our simple molecular engineering strategies will
help guide the development of AlEgens with improved QY and
ROS yields for FI-guided PDT in practical applications.
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