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Currently, bright aggregation-induced emission luminogens (AlEgens) with high photoluminescence
quantum yields (PLQYs) in the NIR-II region are still limited, and thus an efficient strategy to enhance
NIR-1I fluorescence performance through tuning molecular aggregation is proposed here. The
synthesized donor—acceptor tailored AlEgen (DTPA-TBZ) not only exhibits an excellent absorptivity in
the NIR-I region, but also good fluorescence signals in the NIR-II region with an emission extending to
1200 nm. Benefiting from such improved intramolecular restriction and aggregation, a significant
absolute PLQY value of 8.98% was obtained in solid DTPA-TBZ. Encouragingly, the resulting AIE dots
also exhibit a high relative PLQY of up to 11.1% with IR 26 as the reference (PLQY = 0.5%). Finally, the AIE
dots were applied in high performance NIR-II fluorescence imaging and NIR-I photoacoustic (PA)
imaging: visualization of abdominal vessels, hind limb vasculature, and cerebral vessels with high signal

to background ratios was performed via NIR-II imaging; Moreover, PA imaging has also been performed
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Accepted 16th July 2020 to clearly observe tumors in vivo. These results demonstrate that by finely tuning molecular aggregation
in DTPA-TBZ, a good NIR-I absorptivity and a highly emissive fluorescence in the NIR-II region can be

DOI-10.1039/d0sc03160g achieved simultaneously, finally resulting in a promising dual-modal imaging platform for real-world
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Introduction

Over the past few decades, cancer therapy has become a hot
topic of social concern because of its beneficial use in treating
patients affected by tumors. For cancer therapy, early diag-
nosis, tumor metastasis monitoring, and then surgery are
three basic but indispensable processes. Interestingly, they all
require efficient imaging techniques and instruments to ach-
ieve their goals during the treatment. Among the reported and
commercialized imaging techniques, a rather good perfor-
mance, such as infinite penetration in several cases, can be
achieved for computed tomography (CT), positron emission
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applications to achieve precise cancer diagnostics.

tomography (PET), magnetic resonance imaging (MRI), and
ultrasound imaging (US). However, disadvantages, such as the
use of harmful ionization energy sources in CT and PET, an
inferior spatial resolution in MRI, US, and PET, and a long
collection time in MRI and CT, can also be observed. There-
fore, it is urgent to develop more improved and facile imaging
techniques. Fluorescence imaging exhibits several advantages,
such as a fast and sensitive response, and a high temporal
resolution. Moreover, it is a non-invasive process. For these
reasons, it has recently received tremendous attention." In the
fluorescence imaging field, near infrared (NIR) imaging,>
including NIR-I (700-900 nm) and NIR-II (1000-1700 nm), is
usually considered the most promising alternative to conven-
tional imaging techniques because of its deep tissue penetra-
tion, minimal photo-damage, and clear but facile visualization
when compared to short-wave fluorescence imaging (<700
nm). However, although high photoluminescence quantum
yields (PLQYs) and imaging instruments can be easily ob-
tained for fluorophores in the NIR-I region (700-900 nm),
limitations of light scattering and auto-fluorescence for bio-
logical tissues in this region still partially existed. Therefore,
fluorescence in a second window (NIR-II, 1000-1700 nm) with
significantly reduced photo scattering and faint tissue auto-
fluorescence exhibits a larger potential, which is also consid-
ered an ideal imaging modality for real-time biological
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imaging and visualization with deep penetration and high
temporal resolution.?

In the second window fluorescence imaging, NIR-II fluo-
rophores affect the imaging performance significantly. Thus,
much more attention has been recently paid to the preparation
of new NIR-II fluorophores. So far, numerous inorganic NIR-II
fluorophores, including carbon nanotubes (CNTs),* quantum
dots (QDs),” and rare-earth doped nanoparticles,® have been
reported to achieve efficient high resolution in deep tissues and
tumor imaging. In addition, organic fluorophores and their
fluorescence nanoparticles have also been recently used in NIR-
II imaging because of their tunable chemical structures, photo-
physical characteristics, simple processability, and excellent
biocompatibility.” However, it is noted that most of the organic
NIR-II fluorophores exhibit an inferior emission brightness due
to the energy gap law. Moreover, only NIR-II fluorophores with
high PLQYs can produce bright fluorescence signals and high
signal to background ratios (S/B) in deep tissues due to the
inevitable drop of excitation power. Therefore, novel NIR-II
organic fluorophores with an ultra-high brightness must be
developed.

Currently, much more effort has been devoted to acquiring
highly emissive organic NIR-II fluorophores.® For instance, Dai
et al. reported a NIR-II organic fluorophore of p-FE, which has
an impressively high emission efficiency of 16.5%.° However,
despite the significant progress, the aggregation-caused
quenching (ACQ) phenomenon in some traditional dyes, such
as 4-[2-[2-chloro-3-[2-(2-phenylthiochromen-4-yl)ethenyl]-1-
cyclohex-2-enylidene]ethyl-idene]-2-phenyl-thiochro-mene (IR
26), should be prevented. These dyes usually display a weak or
almost no emission in aggregated states caused by the ACQ,
significantly hindering their biological applications. Another
issue for organic NIR-II fluorophores is the large cross-talk
between their absorption spectra and photo-luminescence
spectra, resulting in small Stokes' shifts and high self-
absorption, finally also leading to an inferior fluorescence
brightness. To solve these problems, Tang and his co-workers
proposed an “aggregation-induced emission” (AIE) concept.®
By following this concept, AIE luminogens (AIEgens) and their
corresponding nanoparticles (also known as AIE dots) were
tremendously developed.™ These materials exhibit non- or weak
emission in solution, but emit brightly in aggregated states.
This results in a deeper penetration and higher temporal reso-
lution in real-time biological imaging, such as NIR-II imaging.
Interestingly, large Stokes' shifts and impressive photo-stability
can also be observed for AIEgens and AIE dots,"> which are both
beneficial for the visualization process in biological research.
Recently, Tang and Qian et al. reported an organic NIR fluo-
rophore of TQ-BPN with significantly high AIE features: an
intense emission can be observed in the 700-1200 nm range
and a high PLQY of 2.8% was obtained in the short-wave
infrared region (SWIR, >900 nm). This value is much higher
than those reported PLQYs for CNT SWIR emitters (PLQYs =
0.4%), leading to the direct visualizing of brain vasculature with
a high spatial resolution (=3 pum) and a deep penetration (800
pm).* In another case, a NIR-II organic AIEgen based on HLZ-
BTED was developed by Hong and his co-workers. It exhibits
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outstanding fluorescence properties, high photo-stability and
also has an excellent biocompatibility, indicating the biomed-
ical applications of long-term breast tumor imaging and hind
limb vasculature.** Additionally, Xiao's group recently devel-
oped HL3-based AIE dots for NIR-II, NIR-IIa, and NIR-IIb
imaging, where HL3 dots exhibited a remarkably enhanced
fluorescence intensity with a PLQY of 11.7% in the NIR-II
window (>1000 nm) and 0.05% in the NIR-IIb region (>1550
nm), finally resulting in impressive high-resolution in vivo
imaging."” The same group also reported AIE dots of HQL2 with
high brightness to achieve high performance NIR-IIa and NIR-
IIb vascular imaging.'® However, it should be mentioned that
although significant progress has been achieved in the devel-
opment of NIR-II fluorophores, their inherent penetration
depth in fluorescence imaging is always a questionable issue
even for AIE dots in NIR-II imaging due to the limited spatial
resolution. Fortunately, this problem can be solved by inte-
grating another imaging technique, such as photoacoustic (PA)
imaging, which usually exhibits low scattering characteristics.
The use of ultrasound as the signal source provides a good
spatial resolution in deep tissues and can perfectly compensate
for the disadvantages of fluorescence imaging (Fig. 1A)."”” Zheng
and Liu et al. reported a NIR-II fluorescent molecule TB1 with
good AIE properties for a high PLQY of up to 6.2% and also
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Fig. 1 Schematic illustration of DTPA-TBZ for dual NIR-II fluores-
cence imaging (FL) and NIR-I photoacoustic imaging (PA) in vivo (A);
chemical structure of DTPA-TBZ (B); UV-Vis (black) and PL (blue)
spectra of DTPA-TBZ in tetrahydrofuran (THF, [c] = 1 x 107> M) (C);
relative PL intensity (/o) of DTPA-TBZ in a THF/water mixture with
different water fractions. The inset shows their corresponding fluo-
rescence images (D); absolute PLQYs of IR 26 and DTPA-TBZ in the
dilute solution and powder state (E). The inset shows the fluorescence
images of IR-26 and DTPA-TBZ in a dichloroethane (DCE) solution
(black dashed line) and a solid powder (red dashed line) under 808 nm
illumination.
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a large NIR absorptivity. Encouragingly, such developed TB1-
based AIE dots were initially used in dual-modal imaging in
NIR-II fluorescence and NIR-I PA imaging for precise brain
cancer diagnostics.'

Despite the tremendous achievement, bright AIEgens or AIE
dots with high PLQY values in the NIR-II region are still limited
currently (Scheme S1 and Table S1, ESIT). Therefore, the further
improvement and enhancement of their fluorescence perfor-
mance in the NIR-II region remain an open point. Although it is
known that intramolecular motion restriction during the aggre-
gation process is highly important to define the fluorescence
performance in AlEgens, few studies were reported in this field
since most of these processes are subject to natural characteris-
tics. Based on this consideration, in this work, a new donor-
acceptor (D-A) tailored NIR-II emissive AIEgen called DTPA-TBZ
(Fig. 1B) was developed to fine-tune molecular aggregation in
nanoparticles and enhance their fluorescence performance.
Benefiting from its D-A typed molecular framework, DTPA-TBZ
exhibits an excellent absorptivity in the low-energy band (2.51
x 10* L mol ' em ™' at 648 nm), improving its NIR-I PA imaging
capability. Moreover, it displays fluorescence signals in the NIR-II
region with an emission up to 1200 nm. In contrast to DTPA-
TBM, which is based on the same D-A framework but with only
one methyl group, an enhanced molecular aggregation and
intramolecular motion restriction can be observed for DTPA-TBZ
by theoretical calculation, and thus good AIE characteristics and
enhanced fluorescence performance with a high absolute PLQY
of 8.98% in aggregated states were achieved in this case. Inter-
estingly, the absolute PLQY value of DTPA-TBZ in the region
>900 nm also reaches 6.69%. By encapsulating the prepared
DTPA-TBZ within an amphipathic and tumor-specific FA-DSPE-
PEG2000 molecule, the corresponding AIE dots with a high
fluorescence QY of 11.1% (relative to IR 26 of 0.5%) in the region
>900 nm were prepared and a PLQY value of 2.7% was calculated
in the NIR II window (>1000 nm). To the best of the authors’
knowledge, this compound here exhibits one of the most
impressive PLQY values among AIE dots with NIR-II emission.
Due to their excellent absorption in the NIR I region and fluo-
rescence performance in the NIR II window, DTPA-TBZ-based AIE
dots were finally used for dual modal imaging in NIR-II fluores-
cence imaging and NIR-I PA imaging. For NIR-II fluorescence
imaging, a much higher S/B value can be observed than the one
measured in the NIR-I region. Moreover, a detailed visualization
of abdominal vessels, hind limb vasculature, and cerebral vessels
was achieved. In addition, tumor imaging in BALB/c nude mice
was also conducted by using DTPA-TBZ-based AIE dots in the
NIR-II region. The results clearly show the tumor boundary via an
accumulation process. Furthermore, time-dependent PA imaging
via hypodermic injection can also be achieved to observe the
uniform distribution of AIE dots inside the tumor, suggesting the
deep penetrating ability of PA imaging. These results finally
demonstrate that by finely tuning molecular aggregation, highly
emissive fluorescence characteristics with an impressive PLQY
value can be easily achieved for DTPA-TBZ-based AIE dots.
Moreover, this compound exhibits a good absorptivity in the NIR-
I region, and can be used in both high performance NIR-II
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fluorescence imaging and NIR-I PA imaging, enabling real-world
applications, such as image-guided tumor surgery.

Results and discussion

Synthesis and optical properties

To produce the NIR-II AlEgen of DTPA-TBZ, a facile Suzuki
coupling reaction was used with a yield of 78% (Fig. S1, ESIt) by
employing the electron-donating triphenylamine (TPA) unit and
an electron-withdrawing thiadiazolobenzotriazole (TBZ) core to
form the donor-acceptor (D-A) molecular backbone. Here, an
iso-octyl chain was attached to fine-tune molecular aggregation
in solid states. The chemical structure of DTPA-TBZ is shown in
Fig. 1B. This structure has been well characterized and
confirmed via '"H-NMR, "C-NMR, and high resolution mass
spectrometry (ESIt). In addition, UV-Vis absorption and pho-
toluminescence (PL) spectra of DTPA-TBZ in a THF solution ([¢]
=1 x 107> M) were investigated. A broad absorption spectrum
covering the 300-800 nm region was observed for DTPA-TBZ.
The two absorption bands centered at 339 and 648 nm
(Fig. 1C and S2 of the ESIt) can be attributed to the m-m*
transitions and the intramolecular charge transfer (ICT)
between TPA units and the TBZ core," respectively. In addition,
the molar absorption coefficient for DTPA-TBZ in a THF solu-
tion was also measured and a large absorptivity of 2.51 x 10* L
mol~" em ™" at 648 nm was observed (Fig. S3, ESIT). The UV-Vis
absorption spectrum for DTPA-TBZ in the solid state also
further indicates its remarkable light absorption ability (Fig. S4,
ESIt). The DTPA-TBZ compound in solution was then photo-
excited. The resulting PL spectrum covers the 750-1200 nm
range and the maximum emission feature is located at 928 nm.
These data demonstrate that efficient fluorescence signals can
be observed for DTPA-TBZ in the NIR-II region, providing the
possibility to perform real-time biological NIR-II imaging with
a very high temporal resolution. Moreover, a large Stokes' shift
of up to 280 nm in DTPA-TBZ was also achieved, implying that
the self-absorption issue for conventional NIR-II fluorophores
can be fully avoided here, finally resulting in a significantly
enhanced fluorescence brightness.

To investigate the AIE performance of DTPA-TBZ, its PL
spectrum in a mixture of THF/water with a varying water frac-
tion (f,,) was then monitored (Fig. S5, ESIt) and the relative PL
intensity (I/I,) in mixed solvents is shown in Fig. 1D. Similar to
other D-A structured fluorophores, when the f, value increases
from 0% to 50%, the fluorescence intensity decreases gradually
due to the twisted intramolecular charge transfer (TICT),*®
which can also be demonstrated by the PL spectra in various
solvents (Fig. S6, ESIT). However, when water is added to induce
aggregation (f, = 50-80%), the emission signal of DTPA-TBZ is
largely intensified, showing a typical AIE characteristic.”**
When f,, is 90%, DTPA-TBZ can easily precipitate,” and thus an
inferior emission performance is observed. Generally, a highly
bright emission can be obtained for AlE-active molecules in
aggregated states, such as the solid state, leading to their use in
real-world biomedical imaging. Therefore, the PL spectrum of
DTPA-TBZ in solids was measured (Fig. S7, ESIt), and it exhibits
efficient fluorescence signals in the NIR-II region with an
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emission extending to 1200 nm. The absolute PLQYs of DTPA-
TBZ in a dilute solution and solid state were further investi-
gated. Moreover, the commercial NIR-II dye of IR 26 was also
measured as a reference. As anticipated, IR 26 displays a weak
or almost no emission in both the solution and the aggregated
state. Its absolute PLQYs are listed in Fig. 1E. In the case of
DTPA-TBZ, emission in THF solution with a moderate absolute
PLQY of 3.98% is observed, but a more enhanced fluorescence
performance is observed in aggregated solid states because of
its AIE features. Finally, ultra-high PLQYs of 8.98% in the whole
range (Fig. 1E) and 6.69% in the >900 nm region were obtained,
demonstrating that DTPA-TBZ can be a promising NIR-II
imaging platform for real-time biological imaging and visuali-
zation. Furthermore, the transient decay spectra of DTPA-TBZ
in dilute solution (Fig. S8, ESIt) and solid states (Fig. S9, ESIt)
were also recorded. Their corresponding lifetime (z), calculated
radiative decay rates (k,), and nonradiative decay rates (k) are
listed in Table S2.7** The data showed that although the k;
values are similar for DTPA-TBZ in both solution and solid
states, a much smaller k,, value is observed in the solid state,
indicating that the non-radiative decay channel can be well
blocked in solids, and thus impressive fluorescence perfor-
mance for solid-stated DTPA-TBZ can be finally achieved.

Preparation and optical properties of AIEdots

To further enhance its water dispersity and biocompatibility,
a nano-precipitation strategy was employed by encapsulating
DTPA-TBZ into an amphipathic and tumor-specific matrix (FA-
DSPE-PEG2000).>* The chemical structure of FA-DSPE-PEG2000
is shown in Fig. S10 (ESIt). The preparation of DTPA-TBZ-based
AIE dots is outlined in Fig. 2A. Commonly, three basic factors
were considered to tune the size in prepared AIE dots: (1) initial
concentration of fluorophores in solution, (2) volume ratios
between THF and water, and (3) amphiphilic block copolymers
utilized for modifying AIE dots.*® According to our previously
published work, the optimized preparation for DTPA-TBZ-based
AIE dots is finally determined (ESIt).> Their particle size and
zeta potential were then investigated at pH = 7.4 via dynamic
light scattering (DLS). A hydrodynamic diameter of ~143 nm,
a polydispersity index (PDI) value of 0.16, and a zeta potential of
—34.90 mV were obtained. Moreover, nano-spheres with an
average size of ~50 nm were observed by using a transmission
electron microscope (TEM), and the distribution of particle size
for the prepared AIE dots by TEM was also calculated and is
shown in Fig. S111 (ESIf), which demonstrated their mono-
disperse properties. These appropriate particle sizes here also
imply their potential applications for cell uptake and imaging
(Fig. 2B). UV-Vis absorption and PL spectra of the DTPA-TBZ-
based AIE dots were also measured (Fig. 2C) and similar to
their solution-state profiles, efficient absorption and emission
spectra located at 652 nm and 929 nm, respectively, were
observed. Interestingly, the DTPA-TBZ-based AIE dots exhibit
a good NIR-I absorptivity with a large molar extinction coeffi-
cient of 462.2 L g~' em ' at 646 nm (Fig. S12, ESIf). Also,
a coefficient of ~19.4 L g~ ' cm™' at 808 nm was observed,
indicating their great potential in NIR-I PA imaging and NIR-II
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Fig.2 Schematicillustration of the preparation process of DTPA-TBZ-
based AIE dots (A); DLS data of DTPA-TBZ-based AIE dots. The inset
shows their corresponding TEM images (B); UV-Vis absorption and PL
spectra of the DTPA-TBZ-based AIE dots (C); PL-excitation mapping
of the DTPA-TBZ-based AIE dots in an aqueous dispersion (D); fluo-
rescence signals of the DTPA-TBZ-based AIE dots with different
concentrations. The inset shows their corresponding fluorescence
images under 808 nm excitation (E); PLQYs of the DTPA-TBZ-based
AIE dots and other reported NIR-II fluorophores (F); size and PDI
stability of the DTPA-TBZ-based AIE dots (G); photo-stability of ICG
and the DTPA-TBZ-based AIE dots after continuous laser irradiation
(808 nm, 1 W cm™2). The inset shows the fluorescence images of
DTPA-TBZ-based AlE dots (left) and ICG (right) before (black line) and
after (red line) the irradiation process (H).

fluorescence imaging. In addition, the PL spectra of AIE dots in
aqueous solution at various pH values were also investigated
and are displayed in Fig. S13 (ESIt), and their fluorescence
intensities are shown in Fig. S14 (ESIY). It is found that highly
emissive signals were observed for the developed AIE dots at
different PH values, thus leading to a great potential in bio-
logical imaging. The transient decay spectra of DTPA-TBZ-based
AIE dots were also measured (Fig. S15, ESIt), showing a calcu-
lated lifetime of ~1.14 ns. Furthermore, PL excitation mapping
in three-dimension (3D) was carried out to gain an in-depth
understanding of the excitation-fluorescence relation for
DTPA-TBZ-based AIE dots. An excitation/emission peak located
at =652/929 nm and an obvious emission signal at 1000 nm can
be observed (Fig. 2D and S16 of the ESI}). In addition to the AIE
curves (Fig. 1D), AIE features of the prepared dots were further
investigated by varying their concentration. As expected, when
the concentration increases, the observed emission signals via
the NIR-II fluorescence imaging system improve obviously
(excited at 808 nm, Fig. 2E), further demonstrating their good
AIE characteristics. Furthermore, the relative PLQYs of DTPA-
TBZ-based AIE dots and of several other reported NIR-II fluo-
rophores were also recorded (Fig. 2F)."*®/*3141826 The AIE dots
investigated in this work report a PLQY of 11.1% (>900 nm)
under 808 nm excitation with the IR-26 dye as a reference (PLQY
= 0.5%), according to a published protocol (Fig. S17, ESI).'**”
Encouragingly, the PLQY of AIE dots here in the NIR II window
(>1000 nm) is 2.7% (Fig. S18, ESIt). It should be mentioned that
although similar methods were used, the PLQY value of DTPA-

This journal is © The Royal Society of Chemistry 2020
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TBZ is much higher than most of the values reported for other
organic NIR-II fluorophores (Fig. 2F and Table S1, ESI}). To the
best of the authors’ knowledge, this is one of the most
impressive PLQY values for prepared AIE dots with NIR-II
features and such emission characteristics further demon-
strate the capabilities of DTPA-TBZ-based dots in high perfor-
mance NIR-II fluorescence imaging. The size stability and
photo-stability of DTPA-TBZ-based AIE dots were then recor-
ded (Fig. 2G and H). Interestingly, highly stable features were
observed over 10 days, including unchanged hydrodynamic
diameters and PDI values. Additionally, the photo-stability of
DTPA-TBZ-based AIE dots was also measured and compared.
For commercial dyes, such as indocyanine green (ICG), the
fluorescence is almost completely quenched under continuous
laser irradiation at 808 nm with a power density of 1 W em™> for
40 min. However, a similar fluorescence intensity without an
obvious signal loss was observed in DTPA-TBZ-based dots,
indicating their high resistance to photo-bleaching (Fig. 2H).
The excellent fluorescence characteristics and impressive
stability of the DTPA-TBZ-based AIE dots further demonstrate
their potential in high performance NIR-II fluorescence
imaging and long-term monitoring in biological research.

Theoretical calculation

To further understand the bright emission of DTPA-TBZ-based
AIE dots, density functional theory (DFT) calculations were
carried out. DTPA-TBM containing the same molecular back-
bone as DTPA-TBZ but having a methyl group was introduced as
the model compound (Fig. S1, ESIT). Based on the optimized
geometries from DFT calculations at the B3LYP/6-31G (d, p)
level, both DTPA-TBM and DTPA-TBZ exhibit a twisted molec-
ular conformation along the backbone. Especially in the case of
DTPA-TBZ, large dihedral angles up to ~68.37° between adja-
cent aromatic rings are observed (Fig. 3A and C). This torsional
molecular backbone can efficiently prevent the molecular w—m
stacking, thus contributing to the enhanced emission efficiency
in DTPA-TBZ.”® Additionally, the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) were also investigated and similar electronic structures
were obtained for both DTPA-TBM and DTPA-TBZ: the HOMO is
delocalized on both the donor and acceptor units, whereas the
LUMO is only distributed on the electron-deficient acceptor
(Fig. 3B and D), suggesting the existence of efficient ICT inter-
actions.” In contrast to DTPA-TBM, the large band gap of DTPA-
TBZ (calculated via DFT) caused by its decreased molecular
conjugation further demonstrates its twisted backbone. This
result is also in good agreement with the findings in Fig. 3A and
C. Molecular dynamics (MD) simulations (25 ns) were also
conducted to investigate the effect of molecular structures on
their molecular aggregation.*® Initially, the snapshots of
geometries for DTPA-TBM and DTPA-TBZ, including the single
molecule (Fig. 3E) and aggregates (Fig. 3F), were captured via
MD simulations. The distribution of dihedral angles in
aromatic rings for DTPA-TBM and DTPA-TBZ was also displayed
(Fig. S19 and S20, ESIt), respectively. It is observed that similar
to the DFT calculation results, both molecules display twisted

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

A DTPA-TBM C DTPA-TBZ E DTPA-TBM
29.610 Top view 29.28% L‘Top view > .
6.850 |~y ; :8.370 [ b ’{{(
Gl SRE g
\ 67.33° o X
Side view ’.}‘Sie’vg" 3 \
ik 3 % R,
B DTPA-TBM D DTPA-IBZ S E DTPATEN
~ R
' 4 B

N OTPA-TEM Il OTPA-TBZ = OTPATEM|

——DTPATBZ

My e Mgt

PGNP SNt gy, |

®

< oTPATEN
© gamucorara |
+ DTPAT

»

*s  —Gouss ol DTPA-TEZ

&

3

Population (%) L

ARMSF (A)

o

°

1 0 3 6 9 12 15 18 21 24
Time (ns)

2 3 4 5 6 3 60 90 120 150
Benzene Ring Dihedral Angle (degree)

Fig.3 Geometries of DTPA-TBM and DTPA-TBZ optimized via DFT at
the B3LYP/6-31G (d, p) level ((A and C) including top view and side
view); electron density distribution of molecular orbitals in DTPA-TBM
and DTPA-TBZ ((B and D) including HOMO and LUMO); snapshots of
the geometries of DTPA-TBM and DTPA-TBZ in the single molecule (E)
and aggregates (F) obtained via the MD simulations; the decreased
RMSF values of each phenyl ring over MD simulations (G) for DTPA-
TBM and DTPA-TBZ in the single molecule and aggregates; dihedral
angle distribution between phenylrings A and B (H) for DTPA-TBM and
DTPA-TBZ in aggregates; RoG values (I) for the geometries of DTPA-
TBM and DTPA-TBZ in aggregates.

molecular structures in MD calculation. To confirm the
enhanced molecular aggregation in DTPA-TBZ, the root mean
square fluctuation value (RMSF) was firstly used to illustrate the
vibrations and rotations of molecules. RMSF values for each
phenyl ring in both DTPA-TBM and DTPA-TBZ are listed in
Fig. S21 (ESIY), including the single molecule and aggregates.
The decreased values from the single molecule to aggregate
states for both DTPA-TBM and DTPA-TBZ were also compared
in Fig. 3G. When passing from single molecules to aggregates,
although a similar changing trend is observed, the recorded
RMSF values show a larger decrease for DTPA-TBZ. This
demonstrates that intensive packing and aggregation occur in
DTPA-TBZ. Successively, the dihedral angle distribution func-
tions of the DTPA-TBM and DTPA-TBZ in aggregate states were
compared and their corresponding FWHM values were also
recorded (Fig. 3H). DTPA-TBM with the methyl group shows
a broad dihedral angle distribution in the range of 40-160°
(120°) between the phenyl ring A and B in aggregates (black
line). However, in the case of DTPA-TBZ, although only the side
chain changes into an octyl group, a much narrowed dihedral
angle distribution is observed for the same phenyl rings (red
line). The calculated FWHM value for DTPA-TBZ is only 49.19°,
which is much smaller than that in DTPA-TBM (71.67°), indi-
cating that the molecules in DTPA-TBM can easily move and
rotate even in the aggregated state, whereas this molecular
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flexibility is limited in DTPA-TBZ due to its enhanced molecular
packing and aggregation, thus providing enhanced fluores-
cence performance in AIEgens. Furthermore, the RoG values
were also employed to estimate the structural flexibility of
DTPA-TBM and DTPA-TBZ. As displayed in Fig. 31, both mole-
cules are probably packed in a disordered manner: their RoG
values are ~17.0 and 16.0 A, respectively. However, the low RoG
value of DTPA-TBZ further implies its intensive aggregation
tendency. For this reason, according to the RIM mechanism in
AIE research, its non-radiative pathways can be efficiently
blocked, thus leading to an enhanced fluorescence efficiency in
its aggregated state, even in the NIR-II region. These results
illustrate an efficient strategy to fine-tune molecular aggrega-
tion in aggregates through alkyl chain engineering, which
results in highly bright NIR-II AIE dots and they can be used in
real-time fluorescence imaging with high resolution.

In vivo fluorescence imaging

To demonstrate the use of DTPA-TBZ-based AIE dots as NIR-II in
vitro and in vivo imaging agents, their biocompatibility and
cytotoxicity were assessed by using LO, and 4T1 cells via
a standard WST-1 cell proliferation and cytotoxicity assay Kkit.
After incubation with DTPA-TBZ-based AIE dots for 24 h and
48 h, respectively, a cell viability of 85% can be observed for
both cells even at a high concentration of 25 pug mL™". This
indicates their good biocompatibility and low cytotoxicity
(Fig. S22 and S23, ESIY). Cell imaging using the developed AIE
dots was also conducted via confocal laser scanning microscopy
(CLSM). The procedure for cell imaging is also listed (ESIT).
Initially, 4',6-diamidino-2-phenylindole (DAPI) was used to
localize HeLa cells with an excitation wavelength of 405 nm.
Successively, bright fluorescence signals appeared after incu-
bation with DTPA-TBZ-based AIE dots with a low concentration
of 4 ug mL ™" under 650 nm excitation. Similar to other AIE dots,
the fluorescence signals mainly appear in the cell cytoplasm
(Fig. S24, ESIt), illustrating the high cell uptake of AIE dots and
showing their potential for fluorescence in vivo imaging.

Since DTPA-TBZ exhibits a broad emission spectrum in
both the NIR-I region and the NIR-II region, the developed AIE
dots were simultaneously used in NIR-I and NIR-II fluores-
cence in vivo imaging. Initially, a long-term tumor in BALB/c
mice via hypodermic injection was tracked in the NIR-I fluo-
rescence window by using DTPA-TBZ-based AIE dots (1 mg
mL~", 40 pL). The fluorescence was recorded using non-
invasive live-animal imaging. As shown in Fig. 44, the fluo-
rescence signals from the 4T1-bearing tumor under 640 nm
excitation were monitored in situ over 15 days. Interestingly,
bright fluorescence signals can be observed during the whole
process, and their calculated mean fluorescence intensity
demonstrates that DTPA-TBZ-based AIE dots can be used for
long-term tracking and monitoring in biological research
(Fig. S25, ESIt). Then, in vivo fluorescence imaging results in
the NIR-I region and NIR-II region were compared (Fig. 4B-D).
Since the light scattering and the auto-fluorescence for bio-
logical tissues in the NIR-I region can still be observed,
a spatial resolution with an inferior signal-to-background ratio
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Fig.4 Long-term tumor tracking in the NIR-I fluorescence window in
BALB/c nude mice bearing the 4T1-tumor via hypodermic injection
using DTPA-TBZ-based AIE dots, scale bar 2 cm; (A); bright field of
BALB/c nude mice bearing the 4T1-tumor via hypodermic injection
using DTPA-TBZ-based AIE dots (B); signal-to-background values for
tumor imaging in the NIR-I region under 650 nm excitation (C) and in
the NIR-II region under 808 nm excitation (D), scale bar = 50 mm;
Gaussian fit of the fluorescence intensity profile (E) in NIR-1 (black line)
and NIR-II (red line) regions with the calculated FWHM values; fluo-
rescence images of BALB/c nude mice in the NIR-II region by intra-
venous injection of DTPA-TBZ-based AIE dots (F); enlarged view of the
abdominal vasculature imaging (G), hind limb vasculature imaging (H),
and cerebral vessel imaging (I) by using DTPA-TBZ-based AIE dots in
the NIR-II region, scale bar = 400 um.

(S/B) of 1.5 was only observed (Fig. 4C). However, such poor
imaging resolution can be fully avoided by using an InGaAs
camera (Fig. 4D). In this case, a much higher S/B value of up to
6.5 in the NIR-II region can be achieved. In addition, the
Gaussian fit of the fluorescence intensity profile in both the
NIR-I and NIR-II regions provides their corresponding full-
width at half maximum (FWHM) values. A FWHM value of
only 50 mm was achieved in the NIR-II region for the DTPA-
TBZ-based AIE dots due to their impressive NIR-II emission
features (Fig. 4E). In vivo imaging of BALB/c nude mice in the
NIR-II region via the intravenous injection of DTPA-TBZ-based
AIE dots (1 mg mL~") was also performed by using a 1000 nm
LP filter (Fig. 4F). After the injection, fluorescence signals can
be immediately observed in the whole mice body, even in the
blood vessels, indicating the great potential of DTPA-TBZ as
a NIR-II imaging agent. Since the fluorescence in the second
window exhibits a reduced photo-scattering effect and a faint
tissue auto-fluorescence, it can be used for real-time biological
imaging with deep penetration. Here, as a proof-of concept,
a standard tissue phantom measurement was carried out to
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estimate the tissue penetration depth of DTPA-TBZ-based AIE
dots (1 mg mL ") in the NIR-II region by using a commercially
available intralipid solution.** The fluorescence images were
captured by increasing the concentration of intralipid from
0% to 1.8% to approximate the tissue lipid content in the mice
body. It should be mentioned that although the emission
intensity decreases gradually due to the high concentration of
intralipid, the fluorescence images can still be clearly captured
with a high image integrity since the high PLQY in the NIR-II
window minimizes the photo-scattering (Fig. S26, ESIt).
Finally, a quantitative analysis of the tissue penetration at
a depth of 0.95 cm was achieved by using the DTPA-TBZ-based
AIE dots (Fig. S27, ESIf). Based on the significant emissive
features in the NIR-II region and the high penetration depth of
the DTPA-TBZ-based AIE dots, abdominal and hind limb
vasculatures were well imaged by exciting the tissue with an
808 nm diode laser (1 W cm ™ 2). The data were also collected
via a 1000 nm LP filter with an exposure time of 70 ms.
Interestingly, after injection of the highly emissive AIE dots,
the abdominal vessels can be clearly identified by using NIR-II
fluorescence imaging with a high S/B value of 8.9 (Fig. 4G). The
cross-sectional intensity profile along the red-dashed line in
Fig. 4G is also curved, leading to a sharp peak with a narrowed
FWHM value of 73 um (Fig. S28, ESIt). By using the DTPA-TBZ-
based AIE dots, the hind limb vasculature can also be easily
imaged with a high resolution (Fig. 4H, S/B = 3.9). The fusion
and fission of vessels in the hind limb can be well visualized
through the intact skin (Fig. 4H), which can also be confirmed
by the Gaussian fitted fluorescence intensity curves (Fig. S29,
ESIt). Additionally, the blood vessels in the mice brain were
visualized through the skull. As displayed in Fig. 4I, the cere-
bral vessels can be observed distinctly with a high S/B value of
6.0. Small diameters of 100 um for the cerebral vessels were
also obtained according to the FWHM values in Gaussian
fitted fluorescence intensity curves (Fig. S30, ESIf). These
results demonstrate that, benefiting from their highly bright
emission in the NIR-II region, the DTPA-TBZ-based AIE dots
are a promising NIR-II imaging agent in real-time deep tissue
imaging with a high S/B value and temporal resolution.
Tumor imaging is highly important for its early diagnosis,
monitoring and also surgery in cancer therapy. Therefore, here
tumor imaging in BALB/c nude mice was also conducted by
using DTPA-TBZ-based AIE dots in the NIR-II region. The data
were collected via an InGaAs camera. As shown in Fig. 5, after
the intravenous injection of DTPA-TBZ-based dots (1 mg
mL™") into the tumor-bearing nude mice, the fluorescence
features generated by AIE dots can be gradually monitored at
the tumor site through an accumulation process: the tumor
becomes brighter as the time elapses. This accumulation
process can be easily understood due to the passive targeting
of the enhanced permeability retention (EPR) effects,®* and
active targeting ability of folic acid in DTPA-TBZ-dots. The
average fluorescence intensity in the tumor was also collected
(Fig. S31, ESIt). To further understand the accumulation
process of DTPA-TBZ-dots, the major organs in nude mice,
such as the heart, liver, lung, spleen, kidney, and the tumor,
were also collected and imaged by using a NIR-II imaging
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Fig. 5 Time-dependent tumor imaging in BALB/c nude mice bearing
the 4T1-tumor using the DTPA-TBZ-based AIE dots over 7 h in the
NIR-1I region. The excitation wavelength of the laser diode is 808 nm
with a power density of 1 W cm~2. The dashed circle indicates the
subcutaneous 4T1 tumor (A); the bright field image (B) and fluores-
cence image acquired using the NIR-II imaging system (C) for major
organs and the tumor in BALB/c nude mice; histopathology exami-
nation of major organs and the tumor in BALB/c nude mice ((D) top:
the mice were injected with PBS; down: the mice were injected with
the DTPA-TBZ-based AIE dots).

system (Fig. 5B and C). The result shows that in addition to the
tumor, the fluorescence signals can also be observed in the
liver and spleen due to their metabolic functions. The histo-
pathology examination of these organs was further performed
to estimate the biocompatibility of AIE dots in vivo. As dis-
played, post-injection of DTPA-TBZ-based AIE dots, no obvious
inflammation or abnormalities in the major organs of the
mice were observed (Fig. 5D). The main hematology indicators
for the nanoparticles in blood circulation, including the mean
corpuscular hemoglobin (MCH), the mean corpuscular
hemoglobin concentration (MCHC), the mean corpuscular
volume (MCV), and hemoglobin (HGB), were also analyzed
(Fig. S32, ESI¥). Similar to the control sample that was injected
with a PBS solution (pH = 7.4), no abnormity was found in the
blood parameters, indicating that the DTPA-TBZ-based AIE
dots also exhibit an excellent biocompatibility in vivo.

Photoacoustic imaging

Since the DTPA-TBZ-based AIE dots exhibit a good absorptivity
in the low energy region, as a proof-of concept, their capability
in NIR-I PA imaging was studied here. The PA imaging ability of
AIE dots in a centrifugal tube under different wavelengths
(Fig. S33, ESIT) was verified. As displayed, PA signals in the 650-
850 nm range can be observed and the maximum PA signal is
located mainly at 790 nm. Therefore, PA mapping of the DTPA-
TBZ-based dots in a tube with different concentrations was
determined at 790 nm (Fig. 6A) to produce a linear fit curve of
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Fig. 6 PA mapping of the DTPA-TBZ-based AIE dots in a tube with
different concentrations (A); linear fit curve of the PA intensity for
DTPA-TBZ-based AIE dots with different concentrations (B); time-
dependent PA imaging (C) and their signal intensity in the 4T1-tumor in
BALB/c nude mice via hypodermic injection using DTPA-TBZ-based
AIE dots (D); 3D view of the PA images in the tumor by using the DTPA-
TBZ-based AIE dots ((E) 1 h; (F) 5 h).

PA signals (Fig. 6B). The proportional relation demonstrates
that the AIE dots are truly a promising PA imaging candidate
and can be used as a dual-modal imaging agent for NIR-II
fluorescence and NIR-I PA imaging. Meanwhile, the PA prop-
erties of DTPA-TBZ based AIE dots and some reported PA
reagents are summarized in Table S3 (ESIT). As is shown, the
DTPA-TBZ-based AIE dots exhibit excellent light absorption
ability, thus affording favorable PA imaging performance. The
PA imaging performance by using DTPA-TBZ-based AIE dots
was then investigated in vivo in BALB/c mice bearing a 4T1
tumor via hypodermic injection (1 mg mL™"). Time-dependent
PA imaging in the tumor is displayed in Fig. 6C. As can be
observed, a uniform distribution of the prepared AIE dots inside
the tumor is achieved after the in situ injection, suggesting the
deep penetration ability of DTPA-TBZ-based dots in PA imaging.
Furthermore, the PA imaging in the tumor also offers high
signal/background ratios (3.4-8.4). According to the PA imaging
in Fig. 6C, the mean intensity in the tumor over 5 h was also
curved (Fig. 6D). The results demonstrate that the developed
AIE dots can also be employed in long-term tracking by using
the PA imaging modality. In addition, the PA images in 3D
mode are reconstructed in Fig. 6E and F, showing well distrib-
uted PA signals in the 4T1 tumor with high spatial resolution.
The tumors imaged by NIR-I imaging, NIR-II imaging, and 3D
PA imaging were then fully compared (Fig. S34, ESIT) and it was
observed that the inferior penetration depth in fluorescence
imaging can be well solved in PA imaging due to the low scat-
tering characteristics, resulting in a clear tumor boundary and
depth. According to these results here, it can be concluded that
DTPA-TBZ-based AIE dots can not only be well used in NIR-I/
NIR-II fluorescence imaging, but also efficiently applied in PA
imaging with high spatial resolution. They offer
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a complementary imaging modality to acquire comprehensive
information in future tumor diagnosis.

Experimental

Materials

FA-DSPE-PEG2000 was purchased from Ruixi Chemical Reagent
Co. Ultrapure water (18.2 MQ cm™ ') was used for all the experi-
ments requiring an aqueous medium and was obtained from
a Millipore Milli-Q purification system. Toluene and ethanol were
purchased from Adamas Reagent Co., Ltd. (Shanghai, China).
Other synthetic agents, such as N,N-bis(4-methoxyphenyl)-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)}-benzenamine,
thiadiazolo-benzotriazole and Pd(PPh;),, were purchased from
TCI, Sigma-Aldrich or Energy Chemical (China) and used without
additional purification unless specified otherwise.

Characterization and measurements

A Bruker Advance 400 MHz spectrometer was used to record the
NMR spectra. CDCl; was employed as the solvent with tetra-
methylsilane as the internal standard (400 MHz for "H-NMR
referenced to TMS at 6 = 0.00 ppm and 100 MHz for **C-NMR
referenced to CDCl; at 77.00 ppm). High resolution mass
spectrometry (HRMS) was performed on a Waters LCT Premier
XE spectrometer. UV-Vis-NIR spectra were collected by using
a Shimadzu UV-2250 spectrophotometer. The photo-
luminescence spectra and their absolute photoluminescence
quantum yields (PLQYs) were measured using a FLS980 tran-
sient steady-state fluorescence spectrometer of Edinburgh
Instruments. A Malvern Zetasizer Nano ZS90 was used to
measure the hydrodynamic sizes, the PDI, and the zeta poten-
tial at room temperature. The morphology of AIE dots was
imaged by using a HR-TEM electron microscope (JEOL-2100).
The cell cytotoxicity was confirmed by using a WST-1 kit in
a MD Spectra Max 190 microplate reader. The photoacoustic
characterization was performed via an acoustic-resolution PA
microscopy system of FujiFilm VisualSonics. The fluorescence
imaging of the live animals in the NIR-I region was performed
by using a Xenogen optical imaging system. The NIR-II fluo-
rescence pictures were captured with a NIR-OPTICS Series III
900/1700 small animal imaging system (Suzhou NIR-Optics
Technology Co., Ltd.) equipped with a 1000 nm long pass filter.

Conclusions

In conclusion, a D-A typed highly bright AIEgen of DTPA-TBZ
was developed. This AIEgen does not only exhibit an excellent
absorptivity in the NIR-I region, but also displays good fluo-
rescence signals in the NIR-II region with the emission
extending to 1200 nm. Interestingly, benefiting from the
improved intramolecular restriction and aggregation in aggre-
gates, DTPA-TBZ exhibits an impressively high absolute PLQY
value of 8.98% in the solid state, which also reaches 6.69% in
the >900 nm region. DTPA-TBZ-based AIE dots with a high
fluorescence QY of 11.1% (relative to IR 26) were also prepared,
leading to high resolution NIR-II fluorescence imaging in
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visualization of abdominal vessels, hind limb vasculature, and
cerebral vessels with high S/B values. In addition, the tumor
imaging in BALB/c nude mice shows that a detailed visualiza-
tion of the tumor boundary can be successfully achieved.
Furthermore, PA imaging in a tumor can also be achieved via
hypodermic injection even in the 3D mode to observe the
uniform distribution of AIE dots inside the tumor. These find-
ings imply that by finely tuning molecular aggregation in DTPA-
TBZ, a good absorptivity in the NIR-I region and a highly
emissive fluorescence in the NIR-II region can be achieved,
providing a promising dual-modal imaging platform for future
applications in cancer diagnostics.
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