#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Single-molecule photosensitizers for NIR-II
fluorescence and photoacoustic imaging guided
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It is ideal yet challenging to achieve precise tumor targeting and high-quality imaging guided combined
photodynamic and photothermal therapy (PDT and PTT). In this study, we synthesized a series of D—mt—
A-type single-molecule photosensitizers (CyE-TT, CyQN-TT, and CyQN-BTT) based on quaternized
1,1,2-trimethyl-1H-benz[elindoles as acceptors by introducing m-bridges to elongate their emission
wavelength and triphenylamine as a donor to construct a twisted molecular conformation. We found
that the O, generation ability and the photothermal conversion efficiency (PCE) are directly correlated
with the m-bridge between donors and acceptors in these molecules. When a 2,1,3-benzothiadiazole
group as a m-bridge was introduced into CyQN-BTT, the singlet oxygen yield enhanced to 27.1%, PCE to
37.8%, and the emission wavelength was red-shifted to near-infrared Il (NIR-II). Importantly, double-
cationic CyQN-BTT displays structure-inherent cancer cell targeting ability instead of targeting normal
cells. Consequently, relying on NIR-II fluorescence imaging (NIR-II FLI) and photoacoustic imaging (PAI)
guided PDT and PTT, CyQN-BTT can accurately locate solid tumors in mice and effectively eliminate
them with good biocompatibility and biosafety to normal tissues. This study provides insights into the
design and development of a tumor-specific targeting multifunctional photosensitizer for precise cancer
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1 Introduction

Phototheranostics, composed of photodynamic therapy (PDT)
and photothermal therapy (PTT) with diagnostic imaging, has
received increased attention in recent years due to its non-
invasiveness, high precision, and controllability by light."* In
the PDT process, the excited state (S;) energy of photosensitizers
(PSs) is activated by light and transferred to the excited triplet
state (Ty) via intersystem crossing (ISC). Then, cytotoxic reactive
oxygen species (ROS) are generated via energy transfer or elec-
tron transfer to ambient oxygen.>® PTT is oxygen-independent
and induces light-to-heat conversion to cause tumor cell
death via non-radiative internal conversion (IC) to the ground
state (So).”* However, the unavoidable oxygen consumption
behavior of PDT and the suboptimal photothermal conversion
efficiency of PTT make it impossible to effectively kill cancer
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cells via a single phototherapy mode.**'* Thus, developing
combined PDT and PTT in a single-molecule PS (sm-PS) can not
only maximize the photon utilization, realizing 1 + 1 > 2
effect'" but also overcome the complex tumor microenviron-
ment and enhance the curative effect to tumor.

In addition, phototheranostic platforms with precise tar-
geting function can improve the bioavailability of PSs, which is
crucial for cancer treatment. However, most reported PSs are
non-selective and can indiscriminately kill tumor cells and
normal cells, which runs counter to precision medicine. The
traditional approach is to couple with some functional groups
having targeting functions to achieve active targeting of PSs.***
However, after the complex multistep covalent conjugation, the
conformation, steric freedom, and orientation of target ligands
are always easy to change, which inevitably compromise their
binding abilities with the targeting molecule.**® Another
strategy is to package PSs into nanoparticles with appropriate
size by a nanoprecipitation method, endowing PSs with passive
targeting function to tumor regions through enhanced perme-
ability and retention (EPR) effect.'®”* However, the prepared
nanoparticles have low load rate, poor reproducibility, and risk
of leakage during transport.>** It is remarkable that the
structure-inherent targeting (SIT) strategy can perfectly solve
the aforementioned problems. SIT refers to the specific natural
targeting ability of the molecule itself, which only relies on the
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inherent structure rather than cross-linking with the targeted
ligand or others.” In 2018, Fan et al. constructed an SIT pho-
totherapy system using the Forster resonance energy transfer
mechanism, in which double-cationic features and rhodamine
derivatives with a delocalized positive charge were considered to
be the key to the production of SIT by photosensitizer mole-
cules.”® Meanwhile, Zhao et al. considered that suitable lip-
ocationic property (Clog P) could endow photosensitizers with
specific targeting ability towards cancer cells.* In addition, it is
well-known that the near-infrared region II FLI (NIR-II FLI,
1000-1500 nm) shows a much higher signal-to-noise ratio,
deeper tissue penetration depth, and less light scattering than
the well-studied 400-900 nm region FLI, which favors high-
quality images to light up tumor areas.”>*® Meanwhile, photo-
acoustic imaging (PAI), as another photodiagnosis mode, is
a non-invasive and non-ionizing biomedical 3D imaging
method that combines the advantages of optical and ultrasound
imaging without the influence of photo-scattering, centimeter-
level penetration depth, and high spatiotemporal resolu-
tion.?”*® Therefore, the development of sm-PS with SIT features
in phototherapy guided by NIR-II FLI and PAI is of great
significance, but there is no relevant report so far.

Thus, starting from molecular engineering, we designed and
synthesized a series of donor-m-acceptor (D-m—A)-type sm-PSs,
CyE-TT, CyQN-TT, and CyQN-BTT, to develop a novel photo-
theranostic platform with SIT functionality and combined PDT
and PTT guided by NIR-II FLI and PAL At first, 1,1,2-trimethyl-
1H-benzo[e]indole and thiophene-triphenylamine were chosen
to construct CyE-TT with singlet oxygen generation ability for
PDT. The double-cationic group endowed CyQN-TT with
enhanced water solubility and mitochondrial targeting ability.
When 2,1,3-benzothiadiazole (BTD) was introduced as a -
bridge, the HOMO-LUMO gap and AEs_r value of CyQN-BTT
were simultaneously decreased, which resulted in strong tail
emission in NIR-II for NIR FLI and enhanced singlet oxygen
generation. In addition, the conjugated skeleton of CyQN-BTT
became more twisted than CyE-TT and CyQN-TT, which
enhanced the twisted intramolecular charge transfer (TICT) to
promote nonradiative transition. More importantly, the double-
cationic CyQN-BTT has SIT ability to cancer cells instead of
normal cells, thus it accurately located solid tumors in mice via
double-modal imaging and effectively eliminated tumors with
combined PDT and PTT.

2 Results and discussion
2.1 Design and synthesis

In this work, alkyl triphenylamine with a severely twisted skel-
eton was introduced as a key factor for three purposes: (i) to
provide electrons and enhance D-A strength; (ii) to enhance
TICT feature to promote nonradiative transition; and (iii) to
increase rotor groups to allow the heat energy generation.>>* In
addition, the D-m-A-type conjugated skeletons displayed an
adjustable optical band gap, substantial Stokes shift, low energy
levels of ISC, and efficient ROS generation, which have been
demonstrated in previous reports.**** What is more, (double-)
cationic 1,1,2-trimethyl-1H-benzo[e]indoles (CyE and CyQN)
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acted as the electron-deficient acceptor and mitochondrial tar-
geting group, alkyl triphenylamine was the electron-rich and
rotor group, and we coupled different conjugated groups
(thiophene or/and BTD) as the 7-bridge to assemble new D-1t-A
type sm-PSs (CyE-TT, CyQN-TT, and CyQN-BTT) (Fig. 1A).
Chemical structures and synthetic routes are shown in Fig. S1.5
The target sm-PSs were obtained via the Knoevenagel conden-
sation reaction, with brominated alkyl triphenylamine, tin
butyl, and boric acid thiophene as the starting materials.
Meanwhile, the corresponding intermediates were synthesized
through the Suzuki and Stille coupling reaction. An additional
quaternary ammonium group was attached to CyQN-TT and
CyQN-BTT to enhance the mitochondrial targeting ability and
water solubility. As the 7-bridge of electron-deficient BTD in
CyQN-BTT effectively extended the m-conjugated structure and
intensified the charge transfer, the emission was red-shifted to
NIR-II and the non-radiative transition was facilitated simulta-
neously. Besides, due to the participation of BTD, the AEs 1
value of CyQN-BTT was decreased, which was conducive to the
ISC process and enhances the photodynamic therapy. Finally,
all the structures of intermediate compound and final products
were verified via NMR, high-resolution mass spectra and FT-IR
spectra (Fig. S2-S19 and Table S1%).

2.2 Photophysical properties

CyE-TT and CyQN-TT had similar absorption spectra, and the
maximal absorption wavelength was 620 nm (Fig. 1B). When
BTD was incorporated into the conjugated skeleton, the
absorption wavelength of CyQN-BTT was red-shifted to 677 nm
due to the conjugated structure extension and electron-deficient
properties of BTD.*® It is worth mentioning that CyQN-BTT has
a broad absorption peak (420-840 nm), considering the
comparison with CyE-TT and CyQN-TT at the same excitation
wavelength; we chose 671 nm laser as the excitation light source
of the sm-PSs. In addition, the maximum emission wavelength
excited by 671 nm was red-shifted from 764 nm (CyQN-TT) to
938 nm (CyQN-BTT) (Fig. 1C). Notably, the tail emission of
CyQN-BTT extended to the NIR-II region, which was beneficial
to high-quality NIR-II FLI. Based on this, we evaluated the NIR-II
fluorescence emission intensity of CyQN-BTT in a concentra-
tion- and long-pass-filter-dependent manner (Fig. S19%). As the
concentration increased, the fluorescence signal was gradually
enhanced. A significant fluorescence signal was observed even
at the 1150 nm filter. These evidences suggested that photo-
sensitizers might have aggregation-induced emission (AIE)
properties, which might be related to the motion limitation of
triphenylamine.»**”*3* Finally, we investigated and evaluated
the FL features of CyE-TT, CyQN-TT, and CyQN-BTT using
toluene (PhMe)/DMSO mixtures with different PhMe fractions
(fw) as solvents (Fig. 1D and S20%). The fluorescence signal of
CyE-TT, CyQN-TT, and CyQN-BTT could be detected in DMSO
with an absolute fluorescence quantum yield of only 0.5%,
0.3%, and 0.12% (Table S27). Upon f;, increasing to 99% (even f,,
= 100%), the fluorescence intensities increased significantly
with an absolute fluorescence quantum yield of 14.5%, 13.9%,
and 4.6% for CyE-TT, CyQN-TT, and CyQN-BTT, respectively,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) Molecular structures, (B) normalized absorption (in DMSO), and (C) normalized FL intensity (in PhMe) of CyE-TT, CyQN-TT, and CyQN-

BTT. (D) FL feature of CyQN-TT in PhMe/DMSO mixtures with different toluene fractions (f,,). (E) *O, generation of CyE-TT, CyQN-TT, and

CyQN-BTT with ABDA as indicators under 671 nm laser irradiation. (F) Ph

otothermal curves of CyQN-BTT with/without laser irradiation (671 nm,

0.4 W cm™) and the linear fitting of time and negative logarithmic function of driving force temperature change. (G) Photothermal stability

curves of CyQN-BTT under four irradiation—cooling cycles.

which was beneficial for FLI-guided phototherapy. The fluo-
rescence intensity and absolute fluorescence quantum yield of
CyQN-BTT were significantly lower than the other two because
its more twisted intramolecular charge transfer (TICT) short-
ened the radiative transition.?***%

2.3 '0, generation and the evaluation of photothermal
conversion efficiency

Commercial 9,10-anthracenediyl-bis(methylene)-dimalonic
acid (ABDA) as a 'O, indicator can be oxidized by 'O, accom-
panied by a gradually decreasing absorption spectra. As shown
in Fig. 1E and S21,{ under laser irradiation in the sm-PS solu-
tion, the absorption spectra of ABDA gradually decreased,
which meant 'O, generation. After 10 min of laser irradiation,
the absorbance of ABDA nearly vanished. In contrast, the
absorption spectra of ABDA without sm-PSs had no loss after
10 min of laser irradiation. The results indicate that three sm-
PSs could consume energy via the ISC pathway to generate
0, for PDT. With methylene blue as the reference, the singlet
oxygen yields of CyE-TT, CyQN-TT, and CyQN-BTT were 21.3%,
22.0% and 27.1%, respectively. For the photothermal perfor-
mances of CyE-TT, CyQN-TT, and CyQN-BTT under laser irra-
diation, their temperatures rose 11.6 °C, 13.0 °C, and 22.7 °C,
respectively, which indicated that the addition of BTD was
beneficial to the improvement of photothermal conversion

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

performance (Fig. S22}). A concentration-dependent tempera-
ture increment occurred when different concentrations of
CyQN-BTT were irradiated by a fixed laser power density (0.4 W
cm2). Similarly, the temperature changes were also positively
correlated with laser power (Fig. S231), favoring reasonable
temperature regulation. Among the three sm-PSs, CyQN-BTT
exhibited the best PTT performance with a photothermal
conversion efficiency (PCE) of 37.8% (Fig. 1F and S247), which is
higher than most reported photothermal agents."***” After four
irradiation-cooling cycles, there was little change in the
temperature platform of CyQN-BTT (Fig. 1G), indicating excel-
lent photothermal stability, which was also proved with melting
point data (Fig. S257).

2.4 Theory model analysis

The density functional theory (DFT) was used to explain the
distinctions in photophysics and photochemistry among CyE-TT,
CyQN-TT, and CyQN-BTT. The negligible difference in HOMO-
LUMO between CyE-TT and CyQN-TT is demonstrated in Fig. 2A
and Table S3.} However, the extended 7t-conjugated skeleton and
enhanced electron-deficient properties supplied CyQN-BTT with
lower LUMO (—3.42 eV) and narrower HOMO-LUMO energy
levels (2.81 eV). Furthermore, there were smaller AEg ¢ values
(0.48 eV) in CyQN-BTT than in CyE-TT and CyQN-TT, consistent
with the previously reported theory that tuning the HOMO-

Chem. Sci., 2022, 13, 9719-9726 | 9721
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Fig. 2 Theory model analysis of CyE-TT, CyQN-TT, and CyQN-BTT by density functional theory. (A) HOMO-LUMO distribution and AEs_t

values. (B) Optimization geometries and the dihedral angle distribution.

LUMO separation can regulate non-radiative transition.*"**®*
However, the addition of BTD increased the steric hindrance
effect, resulting in a more twisted, conjugated skeleton of CyQN-
BTT with a dihedral angle of 7.81° (between the plane of BTD and
thiophene), 23.06° (between the plane of thiophene and adjacent
benzene ring), and 65.32-66.03° that existed in triphenylamine
(Fig. 2B). This result also explains why the PCE of CyQN-BTT was
the highest among the three sm-PSs. Thus, the high-performance
phototherapy properties of CyQN-BTT could be attributed to
several factors: (i) the strong D-A relationship reduced HOMO-
LUMO energy levels and promoted the ISC efficiency;**>* (ii)
the twisted conformation provided some space for the active
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rotor motion to enhance the PCE;****¢ and (iii) the twisted
conformation enhanced TICT feature.***?

2.5 Targeting ability and phototherapy in vitro

As shown in Fig. 3A, B and S26-S30,1 CyE-TT and CyQN-TT were
quickly taken up by tumor cells (MCF-7 cells) and normal cells
(3T3 cells), respectively, within 2 h. Furthermore, the fluores-
cence signals of CyE-TT and CyQN-TT were overlapped with that
of the Mito-green tracker, indicating an excellent
mitochondrial-targeting function (the Pearson's correlation
coefficients [r] exceeding 0.85). However, a bright CyQN-BTT
fluorescence signal was detected on the cell membrane and
mitochondria of MCF-7 cells and barely detected on the 3T3
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Fig. 3 Colocation analysis with a Mito-green tracker and (A) CyE-TT, (B) CyQN-TT, and (C) CyQN-BTT in MCF-7 cells. Intracellular fluorescence
intensity of CyQN-BTT at different times in 3T3 cells (D) and 1064 cells (F). Colocation analysis with a Mito-green tracker and (E) CyQN-BTT in
HepG2 cells. sm-PSs concentration = 10.0 pL, 1.0 mg mL™%; cell concentration = ~10® mL™%; the error bar represents the standard deviation (SD)
of the three groups of parallel experimental data (mean + SD, n = 3); scale bar = 20 pm.
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cells, even after 6 h (Fig. 3C, D and S31%). Moreover, in other
cancer cells (HepG2 cells) and normal cells (1064 cells), the
same phenomenon was observed (Fig. 3E, F, S32 and S331).
These results indicated that CyQN-BTT had SIT features towards
tumor cells instead of normal cells. For these phenomena, we
suspected that it might be caused by the following factors: (i)
more electronegative character of cancer cells than normal cells
has been proved, and the double-cationic group of CyQN-BTT is
more likely to gravitate toward more electronegative cancer
cells;?***> (ii) the primary driving force for normal cells is
hydrophobicity, while that for cancer cells is the electrostatic
interaction;** (iii) there is a stronger electrostatic interaction
between the more electronegative cancer cells and the double-
cationic group of CyQN-BTT; (iv) the Clog P (oil-water parti-
tion coefficients) value of CyQN-BTT (10.60) is less than that of
CyE-TT (14.62) and CyQN-TT (14.61), which may facilitate access
to cancer cells and limit access to normal cells.*

DCFH-DA itself has no fluorescence in cells but emits bright
green fluorescence when triggered by ROS to produce DCF.
Thus, DCFH-DA, as an intracellular 'O, tracker, was co-
incubated with MCF-7 cells and sm-PSs. As shown in Fig. 4A
and S34,} after 20 min of co-incubation, a bright green fluo-
rescence was observed under laser irradiation for 2 min, rep-
resenting the 'O, production. In addition, we used Calcein-AM
(stains live cells with green fluorescence signal) and PI (stains
dead cells with red fluorescence signal) to stain normal (3T3
cells) and cancer (4T1 cells) cells, respectively, to evaluate the
phototoxicity and dark toxicity of the three sm-PSs (Fig. 4B, D,
S35 and S361). All sm-PSs could easily enter the cancer cells, and
the 4T1 cells were killed, which exhibited red fluorescence after
laser irradiation. In comparison, all the control groups showed
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green fluorescence, indicating the negligible cytotoxicity of sm-
PSs or laser irradiation. Because CyE-TT and CyQN-TT could
enter cancer cells and normal cells indiscriminately, the 3T3
cells exhibited similar phototherapy effects. However, we
observed bright green fluorescence and negligible red fluores-
cence in CyQN-BTT, and the laser radiation (Fig. 4C) explained
the SIT function of CyQN-BTT. Finally, we examined the viability
of the 4T1 and 3T3 cells with sm-PS concentration dependence
via an MTT assay (Fig. 4E-G). In the darkness, the viability of the
4T1 and 3T3 cells remained unchanged (more than 95%). In
comparison, it was significantly decreased (as low as 10%)
under laser irradiation and increasing concentrations of CyE-TT
and CyQN-TT, consistent with the results of the live/dead cell
staining experiments. The half-maximal inhibitory concentra-
tion (ICso) values of CyE-TT and CyQN-TT were calculated as
9.45 and 8.78 pg mL " for the 4T1 cells; 8.01 and 8.52 pg mL ™"
for the 3T3 cells, respectively (Fig. S371). Due to the excellent
phototherapy ability and SIT ability, we explored the MTTs of
CyQN-BTT for 4T1 and 3T3 cells. Under a laser power density of
0.1 W cm ™2, CyQN-BTT had only a PDT function, and >90% of
the 4T1 cells were killed. Vitamin C (VC) can effectively scavenge
'0,.2* When VC was added under 0.4 W cm ™2 of laser power
density, CyQN-BTT had only a PTT function and showed fore-
seeable phototoxicity for the 4T1 cells. However, CyQN-BTT,
under a laser power density of 0.4 W cm ™2, displayed PDT and
PTT properties and much higher phototoxicities by killing up to
95% of the 4T1 cells and an IC5, value of 9.45 ug mL™*. On the
contrary, we observed negligible phototoxicity of CyQN-BTT for
the 3T3 cells (Fig. 4G), whether it was under only PDT, PTT, or
combined phototherapy conditions. Due to the excellent PDT
and PTT, as well as SIT ability for tumor cells, the in vivo
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(A) Intracellular ROS generation with DCFH-DA as an indicator in MCF-7 cells coincubated with CyQN-BTT. Scale bar = 20 um. Live/dead

cell staining of (B) 4T1 cells and (C) 3T3 cells coincubated with CyQN-BTT, and (D) 3T3 cells coincubated with CyE-TT under 671 nm laser
irradiation (0.4 W cm™2). sm-PS concentration = 10.0 pL, 1.0 mg mL™%; cell concentration = ~10° mL™%; mean + SD (n = 3); scale bar = 100 pm.
(E-G) Assessment of phototoxicity and dark toxicity of CyE-TT, CyQN-TT, and CyQN-BTT for 4T1 and 3T3 cells by an MTT assay. Mean £+ SD (n =

5).
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Mean + SD, n = 4.

experiments were carried out with CyQN-BTIT as the photo-
therapy reagent.

2.6 Phototheranostics in vivo

Given the tail emission in the NIR-II regions and satisfactory
PCE of CyQN-BTT, we investigated NIR-II FLI and PAI-guided
combined phototherapy. NIR-II FLI (long-pass filter of 1050
nm) in vivo showed a fairly low background fluorescence
(Fig. 5A), which was beneficial for accurately distinguishing

A

Liver

Tumor

tumors from normal tissues.>>*® The NIR-II fluorescence signal
reached a maximum at 4 h, and the bright fluorescence was still
observed at 12 h. It is worth noting that the fluorescence signal
within the liver was clearly captured, which means that the liver
may metabolize nanoparticles. Based on this, 4 h was consid-
ered the optimal phototherapy time. Moreover, the photo-
acoustic signal of hemoglobin within the blood vessels at the
tumor region was clearly observed (Fig. 5B). Until 4 h, the signal
reached a maximum plateau and remained up to 12 h, which
was consistent with the results of NIR-II FLI. Eight hours after
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the injection, we dissected the principal organs of the mice to
explore the distribution of CyQN-BTIT in vivo. The results
(Fig. S38%) indicate that CyQN-BTT was mainly distributed in
the tumor and liver, because the liver is the main metabolic
organ.

Based on the above-mentioned results, tumor-bearing mice
were irradiated at 6 h after the tail vein injection of CyQN-BTT
(only a single-dose injection for phototherapy). As illustrated in
Fig. 5C, D and S39,f upon laser irradiation, the temperature in
the phototherapy group increased rapidly to 52 °C with negli-
gible changes in the control groups. After the laser irradiation,
we continuously monitored the changes in body weight and
tumor volume of all mice for 10 days to estimate the photo-
therapy outcome. On the third day after laser irradiation, the
tumor in the phototherapy group was almost eliminated, and
there was no recurrence within 10 days, as shown in Fig. 5E-G.
In contrast, the tumor volume and weight of the mice in the
control groups increased up to 12-fold and 2.8-fold by day 10,
respectively. Furthermore, the weight of all mice in the four
groups was consistent, which revealed the excellent biosafety of
CyQN-BTT. H&E staining of the major organs and tumors
dissected from mice was performed and analyzed (Fig. 6A and
S40%). We found no apparent damage in the major organs
(heart, liver, spleen, kidney, and lung) of the mice in the four
groups but severely necrotic tumor tissue in the phototherapy
group. Simultaneously, there were no abnormal liver function
indexes before and after treatment (Fig. 6B-D), which showed
that CyQN-BTT has no negative consequence on the functions
of the liver.

3 Conclusion

We combined two different quaternized 1,1,2-trimethyl-1H-
benz[e]indoles as acceptors, twisted alkyl triphenylamine as
a donor and rotor, and (BTD) thiophene as a m bridge to
synthesize a series of D-mt-A-type sm-PSs (CyE-TT, CyQN-TT,
and CyQN-BTT). These sm-PSs displayed bright NIR-I emission,
good mitochondrial targeting, and satisfactory PDT function.
Because the addition of BTD enhanced the push-pull effect, the
emission spectra of CyQN-BTT red-shifted further into the NIR-
II region. The smaller AEs t value and twisted conjugated
skeleton supplied the CyQN-BTT with a more efficient 'O,
generation for PDT and a higher PCE of 37.8% for PTT than that
of CyE-TT and CyQN-TT. Moreover, due to the double-cationic
feature, CyQN-BTT showed excellent SIT ability for cancer
cells instead of normal cells. Finally, using CyQN-BTT as a sm-
PS, the tumor tissue was precisely located and visibly delineated
through NIR-II FLI and PAI, and effectively eliminated by
combined PDT and PTT. In addition, CyQN-BTT showed good
biocompatibility for normal tissues and organs. These findings
can provide new ideas for developing a specifically targeted
phototherapy platform.
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