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Real-Time and High-Resolution Bioimaging with Bright
Aggregation-Induced Emission Dots in Short-Wave

Infrared Region

Ji Qi, Chaowei Sun, Abudureheman Zebibula, Hequn Zhang, Ryan T. K. Kwok,
Xinyuan Zhao, Wang Xi, Jacky W. Y. Lam, Jun Qian,* and Ben Zhong Tang*

Fluorescence imaging in the spectral region beyond the conventional
near-infrared biological window (700-900 nm) can theoretically afford

high resolution and deep tissue penetration. Although some efforts have
been devoted to developing a short-wave infrared (SWIR; 900-1700 nm)
imaging modality in the past decade, long-wavelength biomedical imaging
is still suboptimal owing to the unsatisfactory materials properties of SWIR
fluorophores. Taking advantage of organic dots based on an aggregation-
induced emission luminogen (AlEgen), herein microscopic vasculature
imaging of brain and tumor is reported in living mice in the SWIR spectral
region. The long-wavelength emission of AIE dots with certain brightness
facilitates resolving brain capillaries with high spatial resolution (=3 um)
and deep penetration (800 Lm). Owning to the deep penetration depth
and real-time imaging capability, in vivo SWIR microscopic angiography
exhibits superior resolution in monitoring blood-brain barrier damage in
mouse brain, and visualizing enhanced permeability and retention effect in
tumor sites. Furthermore, the AIE dots show good biocompatibility, and no
noticeable abnormalities, inflammations or lesions are observed in the main
organs of the mice. This work will inspire new insights on development of
advanced SWIR techniques for biomedical imaging.

Fluorescence imaging in the near-infrared
(NIR) spectral region has attracted tre-
mendous scientific interest and success-
fully been used in many clinical processes,
due to the salient advantages of deep
tissue penetration, fast imaging, clear vis-
ualization, and minimal side effect.'-3] At
present, most of the fluorescence imaging
techniques are carried out within the con-
ventional NIR biological window (NIR-I;
700-900 nm), since NIR-I fluorophores
have several key features, including fac-
ilely attained materials, reasonably high
quantum yield (QY) and readily available
optical equipment.*® However, NIR-I
imaging is suboptimal as the light-tissue
interactions still exist in this spectral
region. An emerging imaging modality
of research interest is based on the
short-wave infrared (SWIR) window, i.e.,
900-1700 nm.”] The SWIR biomed-
ical imaging has demonstrated much
improvement compared to conventional
NIR imaging by virtue of the far more
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reduced light scattering, less tissue autofluorescence, deeper
tissue penetration, and higher spatial resolution.[1% Neverthe-
less, current SWIR fluorescence imaging techniques still more
or less suffer from several serious problems, for example, low
QY, potential toxicity, and unoptimized imaging system, which
limit their applications for advanced medical diagnosis/clinical
translation.!!*-13]

Nanostructured materials (e.g., quantum dots,!"*! carbon
nanotubes  (CNTg),ll®!7]  rare-earth doped mnanoparticles
(NPs),l'81 and organic/polymer NPsl2%21)) are promising con-
trast agents for bioimaging of whole body, main organs, and
diseases such as tumors through the enhanced permeability
and retention (EPR) effect passively.?22l Among them, the
organic fluorophores doped NPs are considered to be of great
potential for in vivo imaging, which possess some intrinsic
merits of tunable chemical structures, easy processibility, and
good biocompatibility.?*?°] Currently, the maximal emission
of organic fluorophores has been extended to longer than
1200 nm, but the fluorescence QY usually does not exceed 2%
in aqueous dispersion/solution, which raises harsh request for
the sensitivity and imaging speed of optical detectors during in
vivo imaging.**?’l The emission wavelength and fluorescence
efficiency of organic chromophores seem contrary to or work
against each other due to the dominated nonradiative decay
in low-bandgap materials.?®2! A possible solution is to make
fully use of the bright NIR-I emitters with strong emission in
SWIR region, which would combine the material advantages of
NIR-I fluorophores (e.g., high QY) and optical merits of SWIR
window (e.g., less scattering and autofluorescence). Another
issue that disturbs conventional organic fluorophores is the
aggregation-caused quenching effect, which leads to weak or
nearly no emission in aggregate state and seriously hampers
their biological applications.?”) The recently developed aggre-
gation-induced emission luminogens (AIEgens) are promising
candidates for biomedical imaging, especially in nanoparticle
form, as the brightness of AIE dots can be enhanced by simply
increasing the amount of doped AlEgens.[?1-33]

In modern medical science, some severe health problems are
still disturbing researchers and clinical doctors, including can-
cers and cardiovascular diseases.>*-3% Early-stage diagnosis and
therapy of these diseases based on angiographic imaging is sig-
nificantly important to increase the recovery rate. Angiographic
methods that provide useful information about the vascular
state can be utilized to monitor vascular changes during dis-
ease process including vasculature, hemodynamics, thrombus,
and pathologic region.l’”38l However, current imaging methods
for vasculature and hemodynamics in small vessels in vivo are
far less than satisfied. For example, computed tomography and
magnetic resonance imaging can only resolve features down to
100 um, and they are also limited by the long-time scanning,
complex posttreatment, and difficulty in recording the vascular
hemodynamics.***% Fluorescence microscopic imaging would
be a better choice to tackle these problems, and achieve visu-
alization of the blood vessels in deep tissue with high temporal
and spatial resolution.[*142]

Herein, we report an NIR AlEgen (TQ-BPN, Figure 1a) and
its application for in vivo functional bioimaging in SWIR region.
The encapsulated TQ-BPN dots could emit light in a broad
range of 700-1200 nm with a high QY of 13.9%, and the QY
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in SWIR region (>900 nm) also reached 2.8%, which was better
than some typically used SWIR emitters, e.g., CNTs (=0.4%).
In vivo SWIR fluorescence microscopic imaging of mouse
brain with the AIE dots enabled us to directly visualize the
brain vasculature in high temporal (25 frames per second)
and spatial (2.6 um) resolution, as well as a depth of 800 um.
This represented one of the best results of SWIR fluores-
cence imaging, considering temporal, spatial, and deep scales
together. The SWIR fluorescence microscopy assisted with
bright AIE dots also allowed of assessing vascular hemody-
namics, and precisely monitoring photothrombotic ischemia
(PTT) and blood-brain barrier (BBB) damage in mouse brain.
Interestingly, the EPR effect could be in situ visualized in
tumor-bearing mice, affording accurate tumor imaging and
early-stage tumor detection. Moreover, TQ-BPN dots showed
good Dbiocompatibility, and no detectable short-term or
long-term toxicity was observed.

The donor—acceptor (D-A) approach was employed to build
the organic molecule, in which N,N-diphenylnaphthalen-1-amine
(BPN) and thiadiazolo[3,4-glquinoxaline (TQ) were used as the
donor and acceptor units, respectively. Compared to the com-
monly used triphenylamine unit, the naphthyl group in BPN
possesses the hallmark of a more twisted conformation, which
would be beneficial for constructing AIE fluorophores and
achieving bright ATE NPs.3% The final compound and inter-
mediates were characterized by nuclear magnetic resonance
and high-resolution mass spectra. Detailed syntheses and char-
acterizations are presented in Scheme S1 and Figures S1-S11 in
the Supporting Information. The absorption and fluorescence
spectra of TQ-BPN in different solvents are depicted in Figure S12
(Supporting Information) and the data are summarized in
Table S1 (Supporting Information). There are small changes
in the absorption spectra, but noticeable solvatochromic fluo-
rescence peaks are observed on increasing the solvent polarity.
To better understand the photophysical properties, the Stokes
shift (V,s — Vem) Versus the solvent polarity parameter (Af) was
fitted according to the Lippert-Mataga equation, which showed
a good linear relationship (Figure S13, Supporting Informa-
tion). Moreover, the molar absorption coefficients in various
solvents varied slightly and remained at a relatively high level
(>2 x 10* cm™ M), while the fluorescence QYs decreased with
increasing solvent polarity. Fluorescence QY was measured by
using IR-125 as the reference (with a nominal QY of 13% in
DMSO0).1?8l These photophysical results manifest that TQ-BPN
molecule has the twisted intramolecular charge transfer (TICT)
phenomenon.?><l We then investigated the emission prop-
erty of TQ-BPN in aggregate state by varying the water func-
tions (fy) in tetrahydrofuran (THF)/water mixtures (Figure 1b,c;
Figure S14, Supporting Information). The fluorescence inten-
sity decreases with the gradual addition of water into THF until
fw=50%, possibly stem from the solvent polarity effect and hence
the transformation to TICT state.?®43] The emission intensity
is intensified when further increasing the water fractions (fy)
from 50 to 90%, showing typical AIE feature. The nonplanar
geometry of BPN unit and free rotation of phenyl/naphthyl
rings are beneficial for the AIE effect and thus efficient solid-
state emission. The AlIE-active molecule allows efficient solid/
aggregate emission (Figure 1c; Figure S15, Supporting Infor-
mation), being useful for biomedical imaging.
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Figure 1. Characterization of TQ-BPN molecule and AIE dots. a) Molecular structure of TQ-BPN. b) Photoluminescence (PL) spectra of TQ-BPN in
THF/H,O mixtures with different water fractions (f,). The concentration is 5 x 107 m. c) Plot of PL peak intensity of compound TQ-BPN versus water
fraction (f,) of THF/water mixture. Iy and | are the PL peak intensities of the AlEgen in pure THF (f,, = 0) and THF /water mixtures with specific f,s,
respectively. The inset shows bright-field and SWIR fluorescence images of solid TQ-BPN. d) Schematic illustration of the fabrication of AIE dots. €)
Representative DLS result and TEM image of the AIE dots. f) Absorption and PL spectra of TQ-BPN dots in water. The inset shows the photographs
of (i) bright-field and (ii) SWIR images of the dots in aqueous dispersion. g) PL excitation mapping of TQ-BPN dots in aqueous dispersion. h) Photo-
stability curves of the AIE dots in water, PBS, and serum under continuous 635 nm laser irradiation (1 mW cm™).

To endow biocompatibility and water dispersity to the AlEgen,
we encapsulated TQ-BPN into organic dots in the assistance
of FDA-approved amphiphilic polymer of poly(ethylene oxide)—
poly(propylene oxide)—poly(ethylene oxide) (Pluronic F-127)
(Figure 1d). The morphology and photophysical property of
TQ-BPN AIE dots were studied. Transmission electron micro-
scopy (TEM) image reveals uniform sphere structure with a dia-
meter of about 33 nm, which matches well with the dynamic light
scattering (DLS) measurement (Figure le). The UV-vis absorp-
tion and NIR fluorescence spectra of TQ-BPN dots (Figure 1f)
are similar with the solution-state profiles (Figure S12,
Supporting Information). Photoluminescence (PL) excitation
mapping was carried out to gain in-depth understanding about
the excitation—fluorescence relationships of TQ-BPN dots, in
which an excitation/emission peak at =630/810 nm and an
intense tail to 1200 nm were observed (Figure 1g). The AIE
dots exhibited good photostability when suspended in water,
phosphate buffer saline (PBS), and serum, and no noticeable
decrease in emission intensity was observed after continuous
635 nm laser irradiation (the same light source used for in
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vivo imaging) for 1 h (Figure 1h; Figure S16, Supporting Infor-
mation). It is worth mentioning that the photostability of the
AIE dots is much better than the widely used methylene blue
(Figure S17, Supporting Information). The QY of AIE dots
was measured to be 13.9% in the whole emission spectrum,
and the fluorescence in SWIR region (>900 nm) had a QY of
2.8% (Figure S18, Supporting Information), which was higher
than some typical SWIR fluorophores, e.g., CNTs (=0.4%)
and organic emitters (0-2%).52% These results suggest that
although TQ-BPN exhibits an emission peak at =810 nm, it
could also be used for SWIR fluorescence imaging because of
the high fluorescence efficiency and broad emission range.

To glean the difference between the spectral regions below
and within SWIR region, we imaged the same mouse treated
with TQ-BPN dots using a silicon-based CCD camera in the
spectral region <900 nm and an InGaAs camera in SWIR
region, respectively. Interestingly, an obvious distinction in
image quality was observed in these two spectral regions. Com-
pared to NIR-I mode (Figure S19, Supporting Information),
the SWIR imaging gives much higher resolution (Figure 2a),
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Figure 2. Long-term SWIR fluorescence whole-body imaging of living mice. a) SWIR images of the mouse treated with TQ-BPN dots at various time
points (10's, 5 min, 4 h, and 12 h) under 635 nm excitation (1 mW cm™2). The red arrows show the blood vessels. b) A cross-sectional fluorescence
intensity profiles along yellow-dashed lines of the mice injected with TQ-BPN dots. Gaussian fits to the profile are shown in red line. c) Time-dependent
SWIR fluorescence intensity of the blood extracted from the AIE-dots treated mice at different time points. The dashed blue line indicates the fluo-
rescence intensity of blood from the mice without any treatment (control). The inset shows SWIR fluorescence images of the blood at different time

points as indicated.

suggesting that SWIR light could provide better in vivo imaging
clarity. It should be noted that the capillary with a small diam-
eter of about 0.27 mm could be unambiguously detected
(Figure 2b). Next, we performed long-term SWIR whole-body
imaging (all the fluorescence imaging below was carried out
within SWIR region unless noted) of healthy mice after intrave-
nous injection of AIE dots, and the mice were then imaged with
InGaAs camera under 635 nm laser (1 mW cm™2) excitation. As
shown in Figure 2a, the blood vessels could be clearly discrimi-
nated even 12 h posttreatment, indicating that the AIE dots were
useful for long-term angiography, probably because that the
long PEG chains of F-127 could prolong the circulation time of
AIE dots in mouse blood.*+*! Time-dependent monitoring of
the SWIR fluorescence intensity of the blood extracted from the
TQ-BPN dots treated mice also confirmed the long-time reten-
tion characteristic (Figure 2c). A clear visualization of a mouse
in different positions is shown in Movie S1 and Figure S20
in the Supporting Information. It could be concluded from
these results that the organic dots were mainly captured and
concentrated by the reticuloendothelial system organs including
liver and spleen, and profiled them gradually.**

In order to enable more precise tracking of tiny vessels, we per-
formed microscopic angiography of mouse brain. An SWIR fluo-
rescence wide-field microscope was set up, in which a 635 nm
laser diode was utilized as the excitation source. The microscopic
imaging system combines the benefits of video-rate imaging capa-
bility of traditional wide-field fluorescence microscopy and deep
tissue penetration of SWIR fluorescence signals (Figure S21, Sup-
porting Information). Five minutes after the injection of TQ-BPN
dots into an institute of cancer research (ICR) mouse through
tail vein, in vivo imaging on the mouse brain was implemented
by tuning focus plane gradually to increase the imaging depth.
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Figure 3 shows the representative fluorescence images of mouse
brain at various vertical depths below skull. The blood vascula-
ture in mouse brain can be finely visualized at various imaging
depths, which helps to reconstruct the 3D vasculature architec-
ture. It is interesting to note that tiny structure of capillary vessels
(diameter = 18.4 um) can still be distinguished at the depth of
800 um (the red arrows in Figure 3), which is one of the best
SWIR microscopic imaging results in terms of imaging depth
and resolution.’! To understand the circulation time of TQ-BPN
dots in blood, long-term microscopic brain angiography was also
carried out. As presented in Figure S22 (Supporting Informa-
tion), the fluorescence signals in brain blood vessels could be
detected even at 120 h postinjection (p.i.), revealing that the cir-
culation time of TQ-BPN dots was more than 5 d. Assisted by the
bright emission and biocompatible PEG chains of the AIE dots,
SWIR fluorescence microscopy enables high-resolution, deep-
tissue and long-term vascular structure observation, and blood
flow tracking in vivo.

Next, we performed noninvasive SWIR imaging of blood ves-
sels at different positions in the brain of living mice. Owing
to the bright fluorescence from the AIE dots, a high spatial
resolution of 2.6 um and a large signal-to-noise ratio (S/N) of
33 at the depth of 150 um in mouse brain are realized, which
are among the best resolution attained by SWIR fluorescence
imaging (Figure 4a,b).l'% In order to evaluate the hemodynamic
characteristic in vivo, a small point signal in the blood capillary
was tracked (Figure 4c; Movie S2, Supporting Information). As
shown in Figure 4d, the position of this point as a function of
time was plotted, giving an average blood velocity of 161.8 um s™*
in the fine blood capillary (diameter = 4.4 pum). In addition,
we also tracked a point signal in another thick blood capillary
(diameter = 56.5 um), and obtained an average blood velocity
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Figure 3. In vivo and real-time SWIR fluorescence microscopic imaging of mouse brain vasculature at various depths (50-800 um) after intravenous
injection of TQ-BPN dots. A, = 635 nm. The red arrows show the tiny blood capillary observed at the depth of 800 um (diameter = 18.4 um). The

scale bar indicates 100 um.

of 918.57 um s, which allowed us to evaluate the volume
blood flow of 0.553 uL min~! (Figure S23 and Movie S3, Sup-
porting Information). These results illustrate that the blood
velocity is diverse in different vessels, and faster in thick blood
capillary.*®] According to the spatial resolution (1 pm), field of
view (633 um x 506 um) and frame rate (25 frames per second)
of the SWIR fluorescence microscopy, the dynamic range of
blood velocity detection could be calculated in the range of
25-20 000 pm s7!, nearly covering all the vascular flowing
speeds in mouse brain.*647]

To further explore the potential applications of TQ-BPN dots
in disease diagnostics, we monitored PTI induction in mouse
brain using in vivo SWIR microscopic angiography. As well
known, PTT in brain may induce the damage of BBB. BBB is
a specialized cerebral vascular system that strictly controls the
transport of blood-borne substances into brain.*#4° Thus,
developing a feasible imaging technology for real-time and
accurate monitoring of PTI and BBB damage in deep brain is
of great significance. The schematic of PTT induction process
in blood vasculature is presented in Figure 4e. The SWIR fluo-
rescence microscope was slightly modulated for the brain PTI
induction and real-time imaging simultaneously (Figure S24,
Supporting Information). A 1040 nm femtosecond (fs) laser
beam was employed as the excitation source for PTI induction,
and a photomultiplier-tube-based scanning imaging system
was used as the guidance. The intravenously injected photo-
sensitizer (rose bengal) in brain blood vessels could release sin-
glet oxygen ('0,) under the two-photon excitation of 1040 nm
fs laser, then 'O, adhered to the endothelial cells of blood ves-
sels and destroyed them.?”! Subsequently, blood platelets would
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gather in the destroyed regions to repair them and thus cause
blocking, which is a kind of cerebral thrombosis. Figure 4f
shows the selected cortical vessel before and after PTI forma-
tion, in which the dashed boxes indicate the region excited
by 1040 nm fs laser for 30 s. The blood flow was apparently
blocked at the injured area, since the fluorescence signals
nearby (the two green arrows in blood vessel in Figure 4f)
abnormally increased as a result of TQ-BPN dots accumulation.
A video imaging result of this process is shown in Movie S4
(Supporting Information), which obviously reveals the PTI-
caused partial cerebral thrombosis. Furthermore, we introduced
more serious PTI by exciting brain blood vessel for 3 min. As
shown in Figure S25 and Movie S5 in the Supporting Informa-
tion, a big bubble appeared, and the TQ-BPN dots leaked out
from the blood vessels, illustrating BBB damage in serious
PTI site. These results suggest that the AIE-dot-based SWIR
imaging technique could facilitate real-time tracking of throm-
botic ischemia in mouse brain, and may allow in situ probing
the pathogenesis of brain diseases.

Early-stage detection and treatment of tumors are critically
important, because they can efficiently improve the recovery
rate.’% Currently, monitoring early-stage tumors and cancer
metastases are still facing great challenges with traditional
radiography approaches. As demonstrated above, the TQ-BPN-
dot-based SWIR imaging could achieve deep-tissue, real-time,
and high-resolution visualization of biological samples in both
whole-body and microscopic modes, which encouraged us to
test its feasibility for precise cancer detection and differentiation.
At first, a nude mouse with subcutaneously xenografted tumors
(two weeks) was injected with TQ-BPN dots via tail vein, and the
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Figure 4. SWIR fluorescence microscopic imaging of hemodynamics study and real-time tracking of thrombotic ischemia in mouse brain. a) A micro-
scopic image of brain vasculature. Depth = 150 um. b) A cross-sectional fluorescence intensity profile (black) and a Gaussian fit (red) along the
red-dashed bar in the red-dashed circle of (a). c) A time course of the point signal randomly tracked in a blood capillary (diameter = 4.4 um) in the
blue-dashed box of (a). d) Plot of the position of a point signal as a function of time. e) Schematic illustration of PTI induction under two-photon
excitation. f) SWIR fluorescence microscopic images of brain blood vessels before (i) and after (i) PTI induction. (iii) and (iv) are the heat maps of
(i) and (ii), respectively. Red and blue dashed boxes stand for the 1040 nm fs laser excited regions. The scale bars in (a) and (f) indicate 100 um, and

the scale bar in (c) indicates 50 pm.

accumulation of organic dots on tumors was clearly observed
24 h posttreatment (Figure S26, Supporting Information). We
next attempted to utilize SWIR fluorescence microscopy to iden-
tify the tumors at different growing stages. A mouse with an old
tumor (four weeks) and a new tumor (two weeks) was treated
with TQ-BPN dots, and observed under the SWIR fluorescence
microscopic system (Figure 5a,b) immediately (5 min) and 24 h
after intravenous injection, respectively. As shown in Figure 5d,
both the old and new tumors were not well distinguished
5 min p.i. However, the blood vessels (depth = 180 pm) of both
the old and new tumors were clearly visualized, and nearly no
fluorescence signals could be detected outside the blood vessels.
After 24 h, the old tumor was still not well resolved, whereas
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the new tumor was markedly visualized (Figure 5d). It is noted
that there were a lot of fluorescence aggregates outside the ves-
sels of the new tumor, in obvious contrast to the case in the old
one. We also studied other regions of the old and new tumors,
and similar results were observed (Figure S27, Supporting
Information). The experimental results could be explained by
the EPR effect. As presented in Figure 5c, new tumor grows
faster than old tumor and normal tissues, thus a lot of newly
grown vessels are formed in tumor region to supply nutrition
and oxygen. However, these new vessels composed of poorly
aligned defective endothelial cells are usually in abnormal form
and architecture, i.e., wide fenestrations. Accordingly, the AIE
dots can diffuse from the blood vessels to extravascular tissues,
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Figure 5. In situ visualization of the enhanced permeability and retention (EPR) effect in tumor sites with SWIR fluorescence imaging. a) The photograph
of a tumor-bearing mouse used for in vivo microscopic imaging. The left is an old tumor and the right is a new tumor. b) A photograph showing the
microscopic imaging on tumor sites. ¢) Schematic illustration of the EPR effect. d) SWIR fluorescence microscopic imaging for visualizing EPR effect
in the old and new tumors at different time points. Depth = 180 um. The scale bar indicates 100 um.

aggregate, and result in brighter fluorescent spots. The SWIR
fluorescence microscopy enabled clear in situ visualization of
EPR effect in tumor sites, which would be beneficial for early-
stage tumor detection and metastasis investigation.’!!
Biocompatibility is critical for fluorescent labels, so we evalu-
ated the biosafety of the AIE dots.'!>2) We first tested the relative
viability of the TQ-BPN dots treated cells (Figure S28, Sup-
porting Information), and it showed no distinct decrease at a
high concentration of 100 g mL™! (based on TQ-BPN molecule).
We then carried out the study of the relative mortality rate, rela-
tive malformation rate, cumulative hatching rate, and relative
gene expression level on zebrafish (Figure S29, Supporting
Information) after the treatment with AIE dots, it also showed
no detectable toxicity to zebrafish. Moreover, we evaluated the
toxicity of TQ-BPN dots in mice via histological study. The
hematoxylin and eosin stain (Figure S30, Supporting Infor-
mation) revealed that no noticeable short-term (2 h p.i.) and
long-term (48 d p.i.) damage or inflammatory lesion could be
observed in major organs of the mice. Finally, we performed the
hepatic/renal function analysis and blood routine examination
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of the AIE dots treated mice, where no hepatotoxicity, nephro-
toxicity or hematological toxicity was observed (Figures S31
and S32, Supporting Information). Taken together, our results
illustrate that TQ-BPN dots possess good biocompatibility, and
therefore could be used for in vivo bioimaging.

In summary, we have developed a kind of NIR AIE dots for
real-time and high-resolution imaging in living mice in SWIR
spectral region. Noteworthy, although TQ-BPN dots exhibit
maximal emission at =810 nm, owning to the high fluorescence
QY (13.9%) and long emission tail to 1200 nm, the partial emis-
sion with QY of 2.8% in SWIR region (>900 nm) is sufficient to
enable SWIR fluorescence imaging. We also developed macro
and microfluorescence imaging systems, which could be effec-
tively used for whole-body screening and microscopic imaging
of main organs/diseases. By virtue of the bright AIE dots and
SWIR macro imaging system, we have resolved the blood capil-
laries of mouse brain with a high spatial resolution of sub 3 um
at a depth of 150 um, and the tiny structure of capillary vessels
can also be clearly discriminated at the depth of 800 pm, which
is among the best resolution for in vivo fluorescence imaging

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of mouse brain. In vivo and real-time microscopic angiography
based on SWIR imaging was further used to investigate PTI
induction and BBB damage in mouse brain, suggesting a facile
method to dynamically evaluate vascular diseases. Interest-
ingly, the AIE dots are also a versatile tool capable of visualizing
EPR effect and detecting early-stage tumor in situ, which is
critical for fundamental understanding and tumor diagnosis/
therapy. The current work enables real-time, deep-tissue, high-
resolution, and long-term in vivo angiography, rendering great
promise for disease diagnostics. This work will inspire new
insights on development of advanced SWIR fluorescence tech-
niques for biomedical imaging.

Experimental Section

The detailed experimental process is available in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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