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ABSTRACT: Taking advantages of its versatile in functionality and tunable in dissipated energy equilibrium, aggregation-
induced emission luminogens (AlEgens) become a rising star to offer multimodal theranostics platform as their easy-to-
fabricated. Nevertheless, the construction of AlE-active phototheranostic agent in the second near-infrared window (NIR-
II, 1000-1700 nm) which allows superior resolution and minimized photo damage is still a formidably challenging suffer-
ing from the limited candidate of building blocks. Herein, benzo[c]thiophene is firstly recommended as electron-rich and
bulky donor (D)/r-bridge neighboring to the electron acceptor (A), which can enlarge the conjugation length as well dis-
tort the backbone. By precise D/m-bridge engineering, a stable NIR-II AIEgen DPBTA-DPTQ NPs with acceptable NIR-II
fluorescence quantum yield of 0.45% and excellent photothermal conversion efficiency (PCE) of 40.6% under 808 nm
laser irradiation is successfully obtained. Among the reported NIR-II AlEgens, the exactly spatial conformation of DPBTA-
DPTQ is conformed for the first time by associating X-ray single crystal diffraction and theoretical simulations, elaborate-
ly revealing the relationship between structure and AIE effect/photothermal performance. Extensive tests in vitro demon-
strate that the constructed NPs show efficient photothermal therapeutic effects. Benefiting from its outstanding perfor-
mance in fluorescence imaging (FLI)/photoacoustic imaging (PAI)/photothermal imaging (PTI), trimodal imaging-guided
photothermal eradication of tumor is performed in HepG2 and B16-Fio tumor-xenografted mice, demonstrating distin-
guished tumoricidal capability and good biocompatibility.

INTRODUCTION

Phototheranostic platforms, utilizing photoirradiation
to enable simultaneous diseases diagnostics and thera-
peutics, emerge as an appealing toolbox in combinational
cancer treatment by virtue of its noninvasive and control-
lable attributes.> Develop up to now, construction of
multimodal phototheranostic system relies heavily on the
combination of several components possessing separated
individual attributes into an entirety, which is less acces-
sible for clinical use on account of its complexity and poor
repeatability.®® With the rapid development of nanomed-
icine, effective one-for-all theranostic agents owing the
integrated features of diagnostic and therapeutic func-
tionalities simultaneously, are in highly and urgently de-

mand yet a formidably tricky task arising from the com-
petitive energy decay pathways upon photoexcitation.o™
On the basis of the Jablonski diagram, the photoexcited
dyes can disperse the energy of excited state via radiative
channel to provide fluorescence imaging (FLI) or nonra-
diative track to afford photoacoustic imaging (PAI)/ pho-
tothermal imaging (PTI)/photothermal therapy (PTT).
Given the energy consumption is readily to happen
through either of the two approaches spontaneously,
there should be an adjustable platform which can finely
regulate and balance these two processes in order to
make the full usage of the excited-state energy, thus ful-
filling multimodal imaging-guided phototherapy by using
one single component.=>4
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Figure 1. Schematic illustration of design principle, nanoparticles and versatile phototheranostic applications. (A) Molecular
design philosophy for construction NIR-II AlEgen by D/n-bridge manipulation and illustration of the reconciled photophysical
processes of DPBTA-DPTQ NPs after photoexcitation. (B) Application of DPBTA-DPTQ NPs on FLI/PAI/PTI trimodal imaging-

guided cancer treatment.

With the merits of diminished photo scattering, negli-
gible autofluorescence and deeper detection depth, opti-
cal imaging in the second near-infrared bio-window (NIR-
II, 1000-1700 nm) which was pioneered by Dai and
coworkers has explicitly demonstrated superior perfor-
mance in vivo bioimaging, in comparison with the well-
researched visible or NIR-I (700-9oo nm) channels.s™ As
compared with the inorganic NIR-II phototheranostic
materials, organic counterparts are definitely appealing as
their easy-to-fabricated, well-defined structure/purity,
and prominent biodegradation/biocompatibility.>>>° For
constructing NIR-II organic luminescence, adjusting the
extent of m-conjugation is a widely adopted protocol to
extend fluorescence emission into the NIR-II region. An-
other accessible option is to link excessively strong elec-
tron-donating or withdrawing fragments into one single
conjugated molecule, which can remarkably reduce the
electronic bandgap. However, it is inevitable that those
aromatic ring-fused structures tend to form clusters ac-
companied by intensely intermolecular m-m interactions
in aqueous solution, leading to fairly weakened fluores-
cence emission. Fortunately, aggregation-induced emis-
sion (AIE), firstly coined by Tang et al, offers an extreme-
ly powerful tool to circumvent this dilemma generating

from aggregation-caused quenching (ACQ) effect.303
Unlike conventional chromophores which show dramati-
cally decreased fluorescence signals in physiological envi-
ronment, AIE luminogens (AlEgens) with flexibly propel-
ler-like conformation emit particularly brightened fluo-
rescence upon forming aggregates by reason of restriction
of intramolecular motions (RIM) in return with boosting
the energy radiative deactivation.3334 Additionally, for
compounds consist of twisted backbone and flexible ro-
tors, the dark twisted intramolecular charge transfer
(TICT) state is favorable to access in polar solvent in
which energy transition process can pour into nonradia-
tive pathway to generate heat353% Moreover, donor
(D)/acceptor (A) moieties incorporated in AlEgens could
still reserve partial intramolecularly movement in the
higher-order hierarchically distorted skeleton even in the
aggregate state. Therefore, single element photo-
theranostic system with balanced radiative and nonradia-
tive decays to meet multiple biomedical applications can
be readily seized concurrently by the appropriate fabrica-
tion of AIEgens.3739

Currently, the crucial prerequisite for obtaining NIR-II
AlEgens is to distort the large m-delocalized backbone. 4>+
The most effective methods are to elevate the dihedral
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Figure 2. Structure details of TPA-DPTQ, DPTA-DPTQ and DPBTA-DPTQ. (A) Chemical structures. (B) Optimized S, geome-
tries and (C) illustration of the frontier molecular orbitals (LUMOs and HOMOs) determined at the B3LYP/6-3ug(d,p) level of

theory.

angle between D/m-bridge and the adjacent A, or install
shielding units encircling the molecule to cut down in-
termolecular stacking and prevent the interactions be-
tween the excited dyes with surrounding water.>4* In
consideration of the limited choice of strong A, the incor-
poration of D/m-bridge with larger steric strain barrier is
preferred to shape conformational distortion backbone.
With this design philosophy, substituent manipulating
aiming to endow classic electron-rich thiophene with
crowded spatial restriction has been successfully applied.
It is found that the introduce of congested 3,4-ethoxylene
dioxythiophene (EDOT) or ortho-alkylated thiophene can
increase the torsion angle between D/m-bridge and A as
well as distort the conjugated backbone, thus boosting
the fluorescence quantum yield (QY) in aggregate state.*
4 By contrast, the bared thiophene or meta-alkylated thi-
ophene can hardly constrain the reciprocal intermolecu-
lar interactions even further installing more distorted
rotors.*%47 Notwithstanding those intriguing advancement,
much effort on developing novel D/m-bridge to enrich the
library of NIR-II AIE theranostic agent deserves to be de-
voted. In this contribution, as illustrated in Figure 1A, we
introduced a bulky electron-rich D/m-bridge block, ben-
zo[c]thiophene, for the first time to develop high-
performance D-n-A-mn-D type NIR-II AlEgen by molecu-
lar engineering and uncover the relationship between the

structures and AIE characteristics/photothermal perfor-
mance through the combination of theoretical simulation
and X-ray single crystal diffraction. Furthermore, as-
prepared DPBTA-DPTQ NPs displayed remarkable stabil-
ity, excellent photothermal conversion capacity, and ac-
ceptable fluorescence QY in aqueous solution. Eventually,
FLI/PAI/PTI trimodal imaging-guided PTT was carried
out to eliminate tumor in HepGz and Bi6-Fio tumor-
xenografted mice, displaying predominant imaging and
tumoricidal capability (Figure 1B).

RESULTS AND DISCUSSION
Molecular Design and Theoretical Calculation

Reinforcing the electron-donating ability of D or elec-
tron-withdrawing ability of A can dramatically contribute
to the red-shifted absorption/emission wavelength. Com-
pared to the frequently used coplanar electron acceptor
core-benzobisthiadiazole (BBTD), 6,7-diphenyl-
[1,2,5]thiadiazolo[3,4-g]quinoxaline (DPTQ) possesses the
salient feature of a more congested geometry where two
freely rotatable phenyl rings are covalently attached,
which would be beneficial for achieving AIE activity.4-5°
However, the reported AlEgens based on DPTQ core can
hardly emit the maximum emission beyond 1000 nm
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Figure 3. Characterizations and properties of the obtained compounds. (A) Absorption spectra and (B) normalized PL spectra of
the compounds in THF solution (10 pM). (C) oae value versus water fraction (f,,) in water/THF mixtures. aaie is defined as the
ratio of the PL intensities of TPA-DPTQ at 910 nm, DPTA-DPTQ at 1125 nm and DPBTA-DPTQ at 1120 nm in water/THF mix-
tures and pure THF (f,, = 0). (D) Comparison of the photothermal conversion behavior of the compounds in DMSO solution (100
M) under 808 nm laser irradiation. (E) Concentration-dependent temperature change of DPBTA-DPTQ in DMSO solution. (F)
The corresponding IR thermal images under different conditions in Figure 3E at 4 min post-irradiation.

attribute to lack of strong electron donor/m-bridge. To
explore suitable D/m-bridge segment, benzene, thiophene,
and benzo|[c]thiophene-bearing fragments were smoothly
linked to DPTQ core through facile Buchwald-Hartwig or
Stille cross-coupling reactions, yielding three molecules
TPA-DPTQ, DPTA-DPTQ, and DPBTA-DPTQ with satis-
fying yields varying from 55% to 78% (Figure 2A, Scheme
S1). The circumambient dimethylaniline serves not only
as D to prolong the absorption/emission but also rotata-
ble motors to convert thermal energy. All the intermedi-
ates and final products have been definitely confirmed by
nuclear magnetic resonance (NMR) and high-resolution
mass spectrum (HRMS) (Figures S1-S15). To explore more
information about the structure conformation, optimized
ground-state (S,) geometries of the molecular was
demonstrated by density functional theory calculations.
For TPA-DPTQ, the two dihedral angles between the
DPTQ core and its neighboring benzene rings are both
45.1°. If the benzene rings are replaced by thiophene rings
which are smaller in size with decreased steric-resistance
effect, the torsion angles reduced to 1.9°, forming nearly
coplanar thiophene-DPTQ-thiophene center in DPTA-
DPTQ. As for DPBTA-DPTQ, the introducing of ben-
zo[c]thiophene which is a perfect integration of benzene
and thiophene, distinctly enlarge the twisted extent be-
tween D/m-bridge and A to 41.9°/39.7° (Figure 2B). As dis-
played in Figure 2C, the electron cloud of the lowest un-

occupied molecular orbital (LUMO) of the chromophores
is primarily distributed in the DPTQ core. While the
highest occupied molecular orbital (HOMO) is delocal-
ized across the whole conjugated backbone, revealing an
apparent D-A interaction and intramolecular charge
transfer effect from D/m-bridge to DPTQ core.

Photophysical Property and Photothermal Capaci-
ty Studies

Subsequently, the optical properties of the obtained
fluorophores were characterized in THF solution. It was
observed that they showed maximum absorption peaks at
623, 900, and 806 nm, with molar absorption coefficient
(¢) of 0.002x 104, 0.75 x 104, and 1.04 x 10* M cm™ at 808
nm, respectively (Figure 3A). Ascribing to the incorpora-
tion of electron-rich thiophene and planarization of
backbone, DPTA-DPTQ demonstrated substantial batho-
chromic shift both in absorption and emission in compar-
ison with that of TPA-DPTQ. Although DPBTA-DPTQ
showed blue-shifted absorption wavelength deriving from
the breaking of coplanar geometry caused by the con-
strained benzo[c]thiophene unit, it showed emission
maximum at 1120 nm which was similar with that of
DPTA-DPTQ (Figure 3B). There are negligible changes in
the absorption spectra when tested in different solvents.
However, obvious decrease in PL emission intensity and
red-shifted maximum wavelengths were detected with the
increment of polarity originating from the twisted intra
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Figure 4. Calculated reorganization energy and X-ray single crystal diffraction studies. Calculated reorganization energy versus
the normal mode wavenumbers of (A) TPA-DPTQ, (B) DPTA-DPTQ and (C) DPBTA-DPTQ. Insert graphs are the contribution
to the total reorganization energy from the bond length, bond angle, and dihedral angle. Single crystal structure of (D) TPA-
DPTQ and (E) DPBTA-DPTQ confirmed by single-crystal X-ray diffraction. Perspective view of molecular packing arrangement
in crystals of TPA-DPTQ and DPBTA-DPTQ with intermolecular plane distances and various intermolecular and intramolecular

interactions

molecular charge transfer (TICT) effect (Figure S16). The
exploration of AIE attribute was subsequently imple-
mented by using water/THF system with different water
fractions. As expected, TPA-DPTQ exhibited prominent
fluorescence enhancement with the increased ratio of
water from 50% to 9o%, behaving typical AIE effect.
Whereas, obvious ACQ phenomenon with almost 70%
discounted fluorescence intensity was observed when
DPTA-DPTQ was examined, indicating the existence of
extensive inter/intramolecular interactions. To our de-
light, the subtly modified larger steric-hindrance ben-
zo[c]thiophene endowed DPBTA-DPTQ with capability to
counteract the reduced brightness caused by the TICT
effect in water, exhibiting weak AIE performance ulti-
mately (Figure 3C, Figure S17). Subsequently, the photo-
thermal behavior of the obtained luminescence was eval-
uated with an 808 nm laser (0.8 W cm~2) in DMSO solu-
tion. The temperature of TPA-DPTQ solution remained
neglectable change, which can be explained by the nearly
zero light absorption under 808 nm. Upon 4 min contin-
uously laser irradiation, temperatures of the DPTA-DPTQ
and DPBTA-DPTQ solution reached to the plateau at
59.6 °C and 76.8 °C, respectively (Figure 3D). The better
photothermal conversion effect of DPBTA-DPTQ partly
resulted from its bigger absorption capacity (1.04 x 104 M
cm™ of DPBTA-DPTQ versus 0.75 x 104 M? cm™ of DPTA-
DPTQ) at 808 nm (Figure 3E). Just as expected, DPBTA-

DPTQ solution displayed a conspicuous concentration-
dependent temperature elevation (Figures 3E and 3F).

Calculated reorganization energy and X-ray single
crystal diffraction studies

The calculated geometrical reorganization energy over
the corresponding normal mode wavelength characterizes
exhaustive details of the contribution of every mode of
intramolecular motions to the non-radiative decay.>* As
shown in Figures 4B and 4C, the total reorganization en-
ergy of 182 cm? in DPBTA-DPTQ is much higher than
that of 799 cm™ in DPTA-DPTQ, indicating stronger in-
tramolecular motions of DPBTA-DPTQ. In addition, the
high-frequency modes belonged to bond stretching with
share of 93.62% prevail over the dihedral torsion with
ratio of 6.38% in ACQ-active DPTA-DPTQ molecules,
implying relative restrained backbone twisting motion. As
for AlE-active DPBTA-DPTQ, the twisting of dihedral
angle with a substantial part of 59.15% to the total reor-
ganization energy mainly located in the low-frequency
region (< 500 cm™). That means DPBTA-DPTQ may ex-
hibit high potential of photothermal conversion ability
upon photoexcitation. The single crystals of TPA-DPTA
and DPBTA-DPTQ were successfully grown for decipher-
ing their exactly spatial conformation and packing man-
ner (Figure S18 and Table S1). As depicted in Figures 4D
and 4E, the dihedral angles between the m-bridge and A
were 44.7°/41.5° (for TPA-DPTQ) and 45.2°/31.5° (for
DPBTA-DPTQ), respectively, which matched well with
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Figure 5. Characterization and properties of DPBTA-DPTQ NPs (A) Fabrication of DPBTA-DPTQ NPs by a nanoprecipitation
method. (B) The absorption (blank line) and emission (red line) spectra of DPBTA-DPTQ NPs in aqueous solution. (C) DLS
analysis of DPBTA-DPTQ NPs. Inset shows the TEM photograph of DPBTA-DPTQ NPs. (D) Stability analysis for size variation of
DPBTA-DPTQ NPs with a concentration of 100 pM at room temperature in PBS or PBS + 10% FBS measured by DLS (means + SD,
n=3). (E) Photothermal conversion behavior of DPBTA-DPTQ NPs at different concentrations (20-200 pM) under 808 nm laser
illumination. (F) Photothermal stability of DPBTA-DPTQ NPs and ICG (100 pM) in aqueous solution during six on/off irradia-
tion cycles with an 808 nm laser. (G) The integrated fluorescence spectra (1000-1500 nm) of different state of the samples versus
different absorbance at 808 nm (IR-26, QY = 0.5% in dichloroethane).

the theoretical simulated values. It is believed that the
twisted molecular backbone and abundantly distributed
inter- and intramolecular interactions (such as N--N,
C-H---S, and C-H---1) in the crystal cells could efficacious-
ly rigidify the structure framework and construct sterical-
ly constrained conformation, thus impeding the free
movement of motors and turning out AIE behaviors. By
carefully investigating the packing modes, we also ob-
serve that TPA-DPTQ packs in a much-disordered man-
ner in its crystal phase where limited space for the free
rotors is left. On the contrary, DPBTA-DPTQ is arranged
in a roughly parallel fashion along the adjacent benzothi-
adiazole units, leading a looser packing way which is be-
nign for dissipating excited energy via nonradiative deac-
tivation and exhibiting a relatively weaker AIE property as
aggregates.

Properties of DPBTA-DPTQ NPs

For the purpose of endowing the hydrophobic AlEgen
with water-soluble property, DPBTA-DPTQ was fabricat-
ed into nanoparticles (NPs) through the ultrasound-
assisted nanoprecipitation method by using an am-
phiphilic tumor specific co-polymer DSPE-PEG2000-FA
(Figure 5A). UV-Vis-NIR absorption and fluorescence
emission spectra of the DPBTA-DPTQ NPs showed negli-
gible variations with its THF solution, locating at 817 nm
and 125 nm, respectively (Figure 5B). The encapsulated
DPBTA-DPTQ NPs was well-dispersed in water with a
diameter of ~105 nm measured by dynamic light scatter-
ing (DLS) and ~50 nm detected by transmission electron
microscope (TEM) (Figure 5C). It is worth noticing that
DPBTA-DPTQ NPs exhibited good stability when stored
in PBS or 10% FBS solution at ambient condition for seven
days, and slight change in absorption intensity was ob-
served (Figure 5D, Figure S19). Whereafter, we quantita-
tively texted the photothermal performance of DPBTA-
DPTQ NPs in aqueous solution upon exposure at 808 nm



wavelength. As illustrated in Figure sE, after laser irradia-
tion with power density value as 0.8 W cm for 5 min, the
temperature of 100 pM DPBTA-DPTQ NPs solution
reached a plateau around 64 °C with a temperature eleva-
tion of 39 °C. An excellent photothermal conversion effi-
ciency (n) of DPBTA-DPTQ NPs was determined to be
40.6 % based on the heating-cooling curve (Figure S20).
Additionally, the photothermal behavior is positive corre-
lated to the power of the laser and concentration of the
NPs (Figure sE, Figure S21). Noteworthily, the NPs re-
served an outstanding photothermal stability after six
continuously cyclic heating/cooling processes, whereas
thermal conversion efficiency of indocyanine green (ICG)
greatly reduced (Figure 5F). By using IR-26 as a reference,
the QYs in the NIR-II region of DPTA-DPTQ and DPBTA-
DPTQ in THF solution were determined to be 0.48% and
0.16% under 808 nm excitation, respectively. Notably, the
QY of DPTA-DPTQ NPs dropped quickly to 0.005%,
whereas that of DPBTA-DPTQ NPs increased almost two-
fold to 0.45% which was higher than the well-studied 0.4%
of carbon nanotubes>* and 0.3% of CHi055-PEG** (Figure
5G, Figure S22).

[a] . HepG2
mm Off mm On

100 A 100 -
80 80 4
60 4 ; 60 4
40 4 : 40 -
20 20 4
0

0051 2 5 10 20 50 0'00_5125102050
Concentration (pg/mL) Concentration (pg/mL)

120 B16-F10
mm Off mm On

Cell viability (%)
Cell viability (%)

[©]

PBS PBS+L

' .

Figure 6. In vitro PTT cellular tumoricidal performance
evaluation. Cell viability of (A) HepG2 cells and (B) Bi6-Fio
cells after incubation with DPBTA-DPTQ NPs of different
concentrations with or without 808 nm laser irradiation (0.8
W c¢m? for 7 min, n = 6, mean * SD). Live/dead images of (C)
HepGz cells (upper row) and Bi6-Fio cells (lower row) after
various treatments. AIE NPs on behalf of DPBTA-DPTQ NPs.
The green fluorescence from FDA and red fluorescence from
PI represent live cell and dead cell, respectively. Scale bar
represents 50 pm.
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In Vitro PTT Studies

To evaluate the dark cytotoxicity of DPBTA-DPTQ NPs
in living normal cells, CCK-8 assay was used. There was
no obvious decrease of the cell survival rate even when

the RAW 264.7 cells were cultured at concentrations up
to 50 pg mL* for 24 h, showcasing good biocompatibility
(Figure S23). Considering its good photothermal behavior,
the tumoricidal performance of DPBTA-DPTQ NPs to-
wards HepG2 cells was further quantitatively assessed.
Figure 6A showed minimal influence on the cell survival
with a 92% cell viability under dark even in the presence
of 50 pg mL* of DPBTA-DPTQ NPs, demonstrating low
dark toxicity. However, in the presence of 808 nm (0.8 W
cm?) irradiation by laser for 7 min, DPBTA-DPTQ NPs
induced dose-dependent apoptosis. For the purpose of
displaying photoablation effect of DPBTA-DPTQ NPs
intuitively, live/dead cell staining was employed to differ-
entiate live (green) and dead (red) HepG2 cells. After 7
min of irradiation, the fluorescence view of DPBTA-DPTQ
NPs incubated HepGz cells gradually turned from green
to red, illuminating the death of cells (Figure 6C). By
comparison, both laser and DPBTA-DPTQ NPs alone
group was unable to kill cancer cells, which provide a fur-
ther proof of biosecurity of DPBTA-DPTQ NPs without
irradiation. Furthermore, the photokilling effect was firm-
ly favored by DPBTA-DPTQ NPs treated Bi16-Fio cells un-
der laser excitation, implying the feasible phototoxicity.

Imaging-Guided PTT in Vivo

Encouraged by the superior fluorescence property and
in vitro phototherapeutic efficacy, in vivo multimodal
imaging-guided therapy mediated by DPBTA-DPTQ NPs
was subsequently evaluated. Figure 7A shows the proce-
dure of mice experiment, in which tumors were inoculat-
ed and grew for 8 days before the execution of treatment.
Fifteen days after treatment, the mice were sacrificed for
analysis. Firstly, NIR-II FLI and PAI was accessed by in-
travenous administration of DPBTA-DPTQ NPs into
HepG2 tumor-bearing BALB/c nude mice. As shown in
Figures 7B and C, either NIR-II FLI or PAI displayed no
signal before DPBTA-DPTQ NPs injection, suggesting
minimal background signal. After intravenous injection of
NPs, signal intensities of NIR-II FLI/PAI in the tumor sec-
tion began to appear at 1 h and apparently increased along
with time to a maximum level at 12 h, exhibiting promi-
nent tumor-targeting ability of DPBTA-DPTQ NPs. At 24
h post-injection, the signals became gradually weaker,
which might be due to the elimination of NPs from the
body. In order to further survey the distribution of
DPBTA-DPTQ NPs, the mice were sacrificed to investi-
gate ex vivo NIR-II fluorescence signals of isolated tissues
at 24 h post-injection. It was found that the tumor region
exhibited obvious fluorescent signal even apparent signals
were also detected in liver and kidney (Figure S24). Fur-
thermore, in vivo PTI of DPBTA-DPTQ NPs was assessed
by using 808 nm laser (0.8 W ¢cm™) as a light source. After
12 h injection, infrared thermal images clearly visualized
the rapid increase of temperature at the tumor site under
laser illumination, rising from 36.5 °C to 50.1 °C within 2
min and stabilizing around 58.1 °C after 7 min period of
exposure (Figure 7D). In the control group, the PBS-
injected mice merely demonstrated slight temperature
rise, illustrating the outstanding photothermal effi
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Figure 7. In vivo multimodal imaging-guided photothermal therapeutic efficiency of DPBTA-DPTQ NPs on HepGz2 and B16-F1o0
tumor-bearing mice. (A) Schematic illustration of the treatment process to tumors. (B) NIR-II FLI, (C) PAI and (D) PTI of HepG2
tumor-bearing mice after intravenous injection of DPBTA-DPTQ NPs at different monitoring times. Time-dependent (E) tumor
growth and (F) body weight curves of HepG2 tumor-bearing mice during the treatment process. (H) NIR-II FLI and (I) PTI of
B16-F10 tumor-bearing mice after intravenous injection of DPBTA-DPTQ NPs at different monitoring times. Time-dependent (J)
tumor growth and (K) body weight curves of Bi6-Fio tumor-bearing mice during the treatment process. Histological H&E and
Ki67 staining analysis of (G) HepGz tumor-bearing mice and (L) Bi6-Fio tumor-bearing mice tumor tissue under different
treatment process. AIE NPs stand for DPBTA-DPTQ NPs. *** P < 0.001, n = 6. Scale bar: 100 pm.

-cacy of DPBTA-DPTQ NPs (Figure S25). Consequently,
the trimodal NIR-II FLI/PAI/PTI by using a single com-
ponent DPBTA-DPTQ NPs was verified to be feasible for
improving the accuracy of diagnosis.

Later on, HepG2 tumor-bearing mice were randomly
classified into four groups denoted as “PBS”, “AIE NPs
(abbreviation for DPBTA-DPTQ NPs)”, “PBS + L (laser)”,
and “AIE NPs + L”, respectively. In vivo PTT was conduct-
ed after 12 h tail vein injection of AIE NPs by using 808
nm laser illumination (0.8 W ¢cm) for 7 min. As displayed
in Figure 7E, the tumors displayed similar growth rates in
the PBS, the laser only, and the NPs alone groups. How-
ever, for the group administrated with NPs plus laser
showed distinct tumor growth inhibition in the next 15 d

post-treatment, manifesting significant tumoricidal effi-
ciency. Additionally, the body weight profiles of all group
showed similar growth tendency and no dead mice were
found during the whole treatment period (Figure 7F).
Afterward, we further conducted the antitumor effect by
examining the tumor histological analysis (Figure 7G). By
H&E analysis, apparent tumor necrosis area was observed
in the group of “AlIE NPs + L”, keeping good agreement
with the result of Ki67 immunofluorescence staining.

Furthermore, the thermal-ablation effect was further
implemented in the Bi6-Fio tumor-xenografted C57BL/6
mice. The accumulation of the agent in tumor area was
distinct visualized by NIR-II FLI/PTI bimodal imaging
system after intravenous injection of AIE NPs (Figures 7H



and 7I). As expected, the phototherapeutic process which
was similar with HepGz2 tumor-bearing model exhibited
distinguished performance. After treatment by AIE NPs
and 808 nm laser irradiation, the growth of tumor was
effectively suppressed and no apparent body weight loss
was observed (Figures 7J-L).

As a promising biomedical therapeutic material, the in
vivo biocompatibility of nanoparticles was examined sys-
tematically.>> After intravenously injecting PBS or AIE
NPs to healthy BALB/c nude mice for 30 days, the major
organs of the mice were isolated for evaluation. As pre-
sented in Figure S26, no obvious variation in morphology
of major organs were found in the H&E-staining slices of
all group. In addition, blood biochemical parameters, in-
cluding alanine transaminase (ALT), alkaline phosphatase
(ALP), aspartate transaminase (AST), total blood urea
nitrogen (BUN), and creatine (CRE) were collected and
analyzed. All statistical analysis in the treated groups has
no conspicuous adverse effect on the function of main
organs (Figure S27).

CONCLUSIONS

In this contribution, molecular manipulation on the
D/m-bridge segment is tactfully designed to construct a
NIR-II AlEgen with high-performance phototheranostic
ability. The introducing of a congested electron-rich ben-
zo[c]thiophene unit endows DPBTA-DPTQ with a twisted
conformation which is beneficial to prolong absorp-
tion/emission wavelength as well as obtain high QY by
preventing notorious m-m stacking in aggregates. Besides,
movable rotators and vibrators enable DPBTA-DPTQ
with high heat conversion behavior. The structure-
property relationship of the obtained fluorophores is fully
illuminated by the comprehensive integration of theoreti-
cal simulation and X-ray single crystal diffraction. Bene-
fitting from these notable features, trimodal NIR-II
FLI/PAI/PTI imaging-guided photothermal ablation of
tumor is executed in HepGz2 tumor-bearing mice in vitro
and in vivo, showcasing significant therapeutic efficiency
and biocompatibility. Moreover, the successful therapeu-
tic effect in B16-Fio tumor-bearing immune-competent
mice breed new possibility of PTT potentiated immuno-
therapy.>+5 Undoubtedly, this work will bring an innova-
tive guideline to design multifunctional NIR-II AlEgens,
rendering great promise of building high-performance all-
in-one phototheranostic agent.
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