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ABSTRACT: Light has profoundly impacted modern medicine and healthcare, with
numerous luminescent agents and imaging techniques currently being used to assess
health and treat diseases. As an emerging concept in luminescence, aggregation-induced
emission (AIE) has shown great potential in biological applications due to its advantages g
in terms of brightness, biocompatibility, photostability, and positive correlation with &
concentration. This review provides a comprehensive summary of AIE luminogens applied gs Ganear
in imaging of biological structure and dynamic physiological processes, disease diagnosis s AIE
and treatment, and detection and monitoring of specific analytes, followed by e
representative works. Discussions on critical issues and perspectives on future directions FIEN Tisuo lmogi '

are also included. This review aims to stimulate the interest of researchers from di erent 22 Rt

fields, including chemistry, biology, materials science, medicine, etc., thus promoting the E s - SGQ,CJ
development of AIE in the fields of life and health. Life 4P Life: Seathe V™, S
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1. INTRODUCTION health has also boosted the underlying fundamental and applied
science.” The beginning of modern biology can be dated back to

Health is of fundamental and utmost importance for human . : : . ;
P the invention of the microscope, which revealed the previously

beings to enjoy a high-quality life.? In the pursuit of this goal,
significant endeavors have been made to understand human
bodies and explore the mysteries of life, even since ancient times. Received: May 2, 2023
From the humoral theory of Hippocrates in Greece to Accepted: July 12, 2023
Zhongjing Zhang's Treatise on Cold Damage Diseases Published: July 24, 2023
(Shanghan Lun) in China, people in di erent areas have
established systems and put forward di erent theories to guide
the advancement of healthcare.>* The constant pursuit of good
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unknown world of microorganisms, laying the groundwork for
cell theory.® Since then, our ability to observe and understand
physiological processes at the cellular level (and below) has
steadily improved. Imaging the biogenic species and physio-
logical processes is the first step to recognizing, monitoring, and
regulating healthcare and diseases in living beings. With the
advancement of imaging techniques and high-level require-
ments, modern imaging modalities have been developed, e.g.,
computed tomography (CT), magnetic resonance imaging
(MRY), positron emission tomography (PET), ultrasound, etc.’
While these modalities have greatly improved medical diagnosis
and treatment, their limitations are becoming apparent and
cannot be ignored. CT and PET scans expose patients to
hazardous ionizing radiation, which can increase the risk of
cancer. MRI and PET imaging systems are comparatively
expensive, while ultrasound imaging su ers from limited spatial
resolution and tissue penetration.® Compared with these
methods, fluorescence imaging, with the merits of high
sensitivity and selectivity, noninvasiveness, real-time and on-
site responsiveness, and ease of application, has become an
increasingly popular and expedient tool for direct visualization
of biological structures and processes.’

Fluorescent agents, as the core of fluorescence imaging, have
been developed for high-quality imaging, including organic dyes,
conjugated polymer nanoparticles (NPs), semiconductor
quantum dots (QDs), metal nanoclusters, up-conversion NPs,
and fluorescent proteins.*~?* Among them, organic dyes and
NPs have attracted immense research interest due to their
advantageous features including precise molecular structures,
controllable biocompatibility, tunable sépectral characteristics,
and versatile modification strategies.”® Traditional organic
fluorescent molecules with rigid and coplanar structures, such
as pyrene, are excellent emitters in dilute solutions. However,
they can su er from aggregation-caused %uenching (ACQ) at
high concentrations or in the solid state.”**> The ACQ e ect,
early reported by Forster and Kasper, is attributed to strong —
interactions formed in the aggregate state, which result in
nonradiative decay of the excited state.”®*’ Since most organic
materials have hydrophobic structures and tend to aggregate in
an aqueous physiological environment, the ACQ e ect has
greatly limited their applications in biological systems.

In 2001, a fluorescent molecule, 1-methyl-1,2,3,4,5-penta-
phenylsilole, with a helical propeller structure was reported to be
almost nonemissive in dilute solutions, but exhibited strong
emission in the aggregate state.”® This photophysical behavior
has been termed aggregation-induced emission (AIE). After
more than 20 years of development in the field of AIE, the
working mechanism of restriction of intramolecular motion
(RIM) has been established and well-recognized.***° RIM can
lead to conformational rigidification, thereby suppressing
nonradiative decay pathways, e.g., vibronic coupling, conical
intersection, and photochemical reactions, thus contributing to
the enhanced luminescence process.**~® The discovery and
exploration of AIE has also greatly advanced the field of
precision medicine and light-based healthcare.**“° For fluo-
rescence imaging, AIE luminogens (AlEgens) and their formed
NPs are endowed with the inherent advantages of low
background noise, fair photostability,"*~*® large Stokes
shift,”’ =% biocompatibility,>>~>° high brightness,”’~®* and
deeper tissue penetration and higher spatial resolution.®*®* In
particular, the tetraphenylethylene (TPE) skeleton is the most
versatile AlEgene because it can be designed to have various

desired functions by introducing functional groups or -
extensions.®*

With the deepening of our understanding of the RIM
mechanism, it is found that some AlEgens can work as highly
e cient photosensitizers (PSs) in photodynamic therapy
(PDT). Upon light irradiation, these AlEgens can produce
reactive oxygen species (ROS), which are highly toxic to cancer
cells and pathogens.®>®® Traditional PSs with rigid and coplanar
structures usually su er from diminished ROS sensitizing
e ciency at high concentrations or when encapsulated in
NPs. In contrast, AlE-active PSs, with stronger emission in the
aqueous medium, exhibit enhanced ROS generation capacity
upon aggregation, endowing them with excellent PDT
characteristics suitable for practical applications.®”® Except
for restriction of molecular motion, reasonable promotion and
utilization of solid-state molecular motion could work as a
guideline for designing photothermal and photoacoustic
systems.>"® Following the molecular motion-facilitated non-
radiative decay e ect, the molecule is pumped to the singlet
excited state and then can return to the ground state via
nonradiative decay, converting the absorbed light into invisible
forms of energy, such as heat.”*~"® Thus, according to the
Jablonski diagram, as shown in Scheme 1, when a molecule

Scheme 1. Schematic Illustration of AlEgens in
Phototheranostics Based on the Jablonski Diagram
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absorbs a photon and returns to the singlet excited state, there
are three competitive pathways to release the excited-state
energy and return to the ground state: (i) radiative decay
referred to as fluorescence emission, (ii) intersystem crossing
(ISC) transition from the singlet excited state to the lowest
triplet state with the further release of energy through
phosphorescence or transfer to oxygen to generate ROS, and
(iii) nonradiative heat dissipation, which is desirable for
photothermal therapy (PTT) and photoacoustic imaging
(PAI). The balanced combination of the three excited-state
energy dissipations in AlEgens could a ord a versatile
fluorescence imaging-guided phototheranostic system based
on one single molecular species.”*~"® Besides, e orts to combine
PDT with other therapies, such as immunotherapy, chemo-
therapy and gene therapy, which could improve disease
treatment e ciency and overcome the limitations of individual
therapies, are showing promising results in clinical studies.”®*
Furthermore, being modified with di erent functional groups,
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Scheme 2. Timeline with the Critical Milestones in the Historical Development of AIE in Life Science and Health
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AlEgens can be employed to capture analytes in biological
systems.®>®® The intrinsic versatility of AIEgens enables
fluorescence enhancement upon binding to their targets and
di erentiation of distinct biomolecular species upon bind-
ing.2’ 8 Pathological processes, including protein aggregation
and cell apoptosis, can be monitored as well.

Thanks to the persistent e orts and collaborative work of
researchers around the globe, AIE has gained significant
momentum and become an increasingly popular area (Scheme
2).%° Research trends and impact report on (Aggregation-Induced
Emission) AIE, 2001—2021 released by Elsevier in 2022
indicated that the academic impact of AIE related to the terms
“photothermotherapy”, “photodynamic therapy”, and “photo-
sensitizer” was as high as 3.7 in terms of Field-Weighted Citation
Impact. Moreover, AIE research in pharmacology, toxicology,
pharmacy, environmental science, and medicine is gaining
increasing attention. Undoubtedly, AIE has a significant impact
on research and innovation in the fields of life science and health.
In this review, the development of AIE for life and health is
showcased in the following sections: imaging, diagnosis and
treatment, and monitoring and detection. For each section, we
will introduce and discuss these trends and progress, followed by
presenting some representative research. A summary along with
adiscussion of current limitations, challenges, and opportunities
will be provided at the end of this review.

2. LIGHT UP LIFE: SEE THE UNSEEN

Fluorescence bioimaging is a sensitive, selective, and non-
invasive method that has become a powerful tool in biological
and pathological studies at the microscale. AIE has emerged as a
promising approach for biological imaging, since it enables high-
contrast imaging with low background noise, antiphotobleach-
ing, and minimal toxicity. AIEgens are utilized to observe the
refined structures of organelles or tissues and dynamic
pathological processes such as deoxyribonucleic acid (DNA)
aggregation, mitochondrial mitophagy, cell di erentiation,

apoptosis, drug/gene delivery, etc.”*~** AIE-based bioimaging
has thus become a critical tool for advancing our understanding
of biological processes and thereby facilitating the development
of diagnostic and therapeutic approaches.

In this section, we will introduce the achievements in
bioimaging by AlEgens with respect to the various levels from
subcellular organelles and tissues to live animals and pathogens,
respectively. In addition to commonly used fluorescence
imaging, recently developed techniques such as super-resolution
imaging, two-/three-photon imaging, near-infrared imaging, and
afterglow imaging will also be included.

2.1. Cell Imaging. Living systems are highly complex and
precisely regulated with the fundamental functional unit being
the cell. Subcellular organelles are essential components of cells,
with various organelles found in eukaryotic cells.”® Each
organelle plays a unique role in supporting normal cell functions,
such as the cell membrane for cell recognition and signal
transmission, mitochondria for energy generation, lipid droplets
(LDs) for lipid storage and metabolism, lysosomes for
macromolecule degradation, and the endoplasmic reticulum
(ER) for protein synthesis and folding.**™*% Studies have
revealed that abnormal metabolic fluctuations within these
subcellular organelles are highly associated with many severe
diseases and disorders, including Alzheimer’s disease, fatty liver
disease, and cancer.'%*~*%® Therefore, visualizing subcellular
structures and dynamic biological activities within specific
organelles is essential for understanding, unveiling their
functions, and illustrating how they contribute to health and
disease.

2.1.1. Static Structure Visualization. Imaging fine structures
of biological specimens at scales ranging from the subcellular to
tissue level is challenging. For most conventional probes, locally
aggregated probe molecules su er from a self-quenching e ect,
which is detrimental to achieving a high signal-to-background
ratio. In contrast, probe aggregation is beneficial for fluorescent
probes with AIE properties, which do not emit light in solution
but fluoresce intensely upon binding to targets. TPEs and
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Figure 1. (A) Chemical structure of ID-1Q. (B—G) ID-1Q (yellow) labeled the boundary of chromosomes, which can facilitate segregation of
overlapping and touching chromosomes (B—D). The centromere position (indicated by arrows) was clearly distinguished with the help of ID-
1Q. These features cannot be easily achieved by Hoechst staining (blue). Scale bars: 1 m. (H) Fluorescence image of lymphocyte chromosomes
costained by ID-1Q (yellow), DAPI (blue), and the chromosome 4q telomere FISH probe (red). (I-N) Enlarged images from panel H. The
telomere FISH probe labeled the end of the chromosome outlined by ID-1Q. Scale bars: 5 m. Adapted with permission from ref 113. Copyright
2020 Wiley-VCH. (O) Photoactivatable dihydro-2-azafluorenones for LDs-specific imaging. Scale bar: 20 m. Adapted with permission under a

Creative Commons Attribution 3.0 Unported License from ref 114. Copyright 2017 The Royal Society of Chemistry. (P) generated DH-
HBT for photoactivatable LDs and lysosomes imaging. Adapted with permission under a Creative Commons Attribution 3.0 Unported License

from ref 115. Copyright 2018 The Royal Society of Chemistry.

monomeric emitting AlEgens are particularly e ective for
imaging that requires noninvasiveness because they emit
strongly only by adsorption to the target without aggregation
of dyes.'%7*% The development of AlIE-active fluorescent
probes over the past decade has expanded the color palette,
elevated the imaging performance, and increased the variety of
AlE-active probes for investigating biological structures.

Mitochondria are the energy factories of the cell, participating
in diverse interconnected biological processes, including ATP
generation, nucleotide biosynthesis, fatty acid oxidation, cell
di erentiation, and signal transduction. Benefiting from the
negative membrane potential of mitochondria, cationic and
lipophilic molecules prefer to accumulate in mitochondria
through electronic interactions.'®” Based on this principle, a
series of mitochondria-targeting AIEgens was developed. %%
A red emissive AlEgen (TPE-Ph-In) was constructed by
conjugating a TPE group with an indolium group. Due to its
cationic and AIE features, TPE-Ph-In stained the mitochondria
with high specificity and high photostability. Moreover, TPE-
Ph-In was highly sensitive to the mitochondrial membrane
potential, which allowed facilitated the monitoring of mouse
sperm activity.**° Zhao et al. systematically investigated the side
chain e ect for the mitochondria targeting ability of TPE
functionalized pyridiniums and selected TPEPy-3 with suitable
side chain length to specifically image the mitochondria."** By
fixing a cyano-pyridinium unit as an electron withdrawing group
and varying aromatic moieties as electron donating groups,
symmetric full-color AlEgens were successfully developed,
which could be applied to multicolor imaging of mitochon-
dria.**?

The chromosome is one of the most important subcellular
structures. Chromosome abnormalities, either numerical or
structural, can cause severe genetic disorders. The analysis of
chromosomes and related abnormalities, named cytogenetic
analysis, is widely used for the diagnosis of cancers and genetic
diseases. However, in cytogenetic studies, it is often challenging

to separate touching and overlapping chromosomes, precisely
localize the centromere position, and identify a clear landmark to
map gene loci on the chromosome. In 2020, Chen’s group
reported a small-molecule fluorescent probe, ID-1Q, for
chromosome periphery staining and cytogenetic studies (Figure
1A).*2 ID-1Q is AIE active and exhibits a large Stokes shift (138
nm). Costaining ID-1Q with the DNA stain confirmed that ID-
1Q specifically labeled the sheath-like structure on the surface of
mitotic chromosomes known as the chromosome periphery. ID-
IQ staining clearly outlined the chromosome morphology and
highlighted the long arm, the short arm, and the centromere
position of chromosomes  the latter is a constricted region that
plays a key role in distributing the cells’ DNA during division.
The high specificity and excellent contrast of ID-1Q enabled the
precise identification of chromosome morphology and facile
segregation of overlapping and touching chromosomes (Figure
1B—1G). ID-IQ staining was compatible with fluorescence in
situ hybridization (FISH), one of the most widely used standard
techniques in cytogenetic studies. Costaining ID-1Q with the
FISH probe can assist in precisely locating a gene on the
chromosome with high accuracy (Figure 1H—1N). This AIE
probe can help clinical cytogeneticists quickly identify the
cytogenetic location and chromosomal abnormalities and may
find clinical applications in chromosome periphery studies.
Gao et al. developed a series of photoactivatable LDs-specific
probes based on dihydro-2-azafluorenones with di erent amine
substituents, which could easily undergo photooxidative
dehydrogenation reaction to a ord aromatic 2-azafluorenones
with AIE characteristics based on RIM and twisted intra-
molecular charge transfer (TICT) in the aggregate state (Figure
10).** Based on this dehydrogenation reaction, an excellent
light-up enhancement of 265-fold was obtained for LDs-specific
turn-on imaging in LDs-rich cancer cells. The colocalization
experiments with lipid dye BODIPY493/503 Green verified the
LDs-specific imaging ability of AlE-active 2-azafluorenones.
Selective photoactivation for cancer cells could be achieved in a
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Figure 2. (A) Plots of relative fluorescence intensity ( / o) for BODIPY 493/503 and DTPA-BT-M in HeLa cells by the continuous scanning via
a depletion laser in STED nanoscopy over 30 min. Adapted with permission from ref 123. Copyright 2021 The Royal Society of Chemistry. (B)
Fluorescence image of fixed HeLa cell costained with DAPI (blue), Alexa Fluor488-phalloidin (green), and DTPA-BT-F NCs (red) via STED
nanoscopy. Scale bar: 5 m. (C,D) Magnified fluorescence images and their corresponding PL intensities of (C) ROI 1 (Alexa Fluor488-
phalloidin) and (D) ROI 2 (DTPA-BT-F NCs). Scale bars: 500 nm. Adapted with permission from ref 127. Copyright 2022 The Royal Society of

Chemistry.

multicellular environment with an excellent photoactivation
e ciency and high spatiotemporal resolution, which can also
e ciently discriminate between lung cancer and normal cells
based on the di erent expression levels of LDs. To avoid the
potential interference of environmental light for the storage of
photoactivatable probes, a strategy for in situ generation of
photoactivatable AIE probes based on 2-(2-hydroxyphenyl)-
benzothiazolines (DH-HBT) was proposed. The probe, can be
quantitatively generated in situ from readily available disulfide
and thiol substrates through tandem S—S bond reduction and an
intramolecular cyclization reaction (Figure 1P).**® The
generated DH-HBT could e ciently undergo a photooxidative
dehydrogenation reaction to a ord the AlE-active 2-hydrox-
yphenyl-benzothiazole (HBT) under one- or two-photon light
irradiation, which can be used for substituent-controlled
selective imaging of LDs and lysosomes with excellent
spatiotemporal resolution. Based on their in situ generation
and adjustable organelle-targeting ability, the photoactivatable
DH-HBT probes are easy-to-use imaging tools for the
evaluation of the biological functions of organelles.

Among the fluorescence microscopies that have been widely
applied for visualizing subcellular structures, stimulated
emission depletion (STED) nanoscopy has been demonstrated
to break the optical di raction limit (200 nm) and thus achieve
the imaging of biological objects at the nanoscale."**~**° Dang

and co-workers developed several deep-red AlEgens with high
brightness and excellent photostability. Red emission is highly
desirable, as discussed in Section 2.3.1. These probes were
eventually applied for organelle-specific imaging through STED
nanoscopy.****?* DTPA-BT-M with a symmetrical donor (D)-
acceptor (A)-D architecture was developed in 2021.*** Due to
the methoxy substitutions, an obvious bathochromic-shift
absorption and red-shift emission occurred for DTPA-BT-M,
then matching well the long-wavelength depleting beam of 775
nm in STED nanoscopy. Taking its large Stokes shift, high
photoluminescence quantum yield (PLQY) and low biotoxicity
into account, DTPA-BT-M was applied in STED nanoscopy for
LDs-specific imaging. As shown in Figure 2A, after continuous
scanning using a depletion laser, fluorescence signals of the
commercial dye, BODIPY 493/503, were quickly quenched,
whereas that of DTPA-BT-M remained unchanged, indicating
its high photobleaching resistance in STED imaging. After
incubating cells, only a slight decrease in diameter with
minimally changed full width at half-maximum (FWHM) values
observed for the LDs stained with BODIPY 493/503 under
STED nanoscopy; however, the values for DTPA-BT-M
changed from 370 to 95 nm. In addition, a D-A-typed AlEgen
of DBTBT-4C8 was developed through the alkyl chain
engineering strategy.*** In this case, an e cient intramolecular
charge transfer (ICT) with a decreased — interaction was

https://doi.org/10.1021/acsnano.3c03925
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Figure 3. (A,B) Time-lapse STED imaging of mitochondrial dynamics (fission: yellow and white arrow; fusion: indigo arrow) in DTPAP-P
labeled HelLa cells. The inset values are the precise time points. Scale bars: 2.5 m. (C,D) Time-dependent fluorescence images of HeLa cells
stained by (C) DAPI, (D) DTPAP-P in STED, and (E) their merged fields. The inset values in panel E are their corresponding Pearson’s
correlation coe cients. Scale bar: 10 m. Adapted with permission from ref 128. Copyright 2022 American Chemical Society.

introduced. This resulted in the deep-red emission from 600 to
800 nm and high brightness with the absolute PLQY of 25% for
DBTBT-4C8. Subsequently, DBTBT-4C8 was applied to
prepare AIE NPs for the visualization of lysosomes in cells.
Compared with conventional confocal microscopy (with a
typical FWHM of 400 nm), superior resolution with a
significantly decreased FWHM of 100 nm was achieved in
lysosomes under STED mode. On the other hand, it is
noteworthy that although several AIE NPs have been designed
and applied for super-resolution imaging via STED nanoscopy,
most of them are amorphous. This may still allow molecular
motion to occur, which opens nonradiative channels.**>*?
Therefore, to boost the fluorescence brightness for high-
performance STED imaging, AIE nanocrystals (NCs) were
developed.**” They possess more compact molecular stackings
than their amorphous counterparts, thus leading to the desired
optical properties, including deep-red emission with a PLQY
value of 27.06%, an extinction coe cient of 13.1 x 10° M™%
cm™t as well as high brightness of 3.54 x 10> M~t.cm™. High
photobleaching resistance and pH-stability were also observed
in this case. Finally, DTPA-BT-F NCs were used for the super-
resolution imaging of lysosomes (Figure 2B). As depicted, the
imaging resolution for the cells stained with a commercial STED
agent, Alexa Flour488-phalloidin, was only partly improved in
STED mode, whereas in the case of DTPA-BT-F NCs, the
FWHM significantly decreased from 548 to 107 nm (Figure 2C
and 2D).

2.1.2. Dynamic Process Visualization. Observing dynamic
processes within and between cells is essential for gaining a
comprehensive understanding of the complex biological systems
that underlie all living organisms. Cells are dynamic entities that
constantly engage in a wide range of processes such as cell
division, migration, and di erentiation, as well as the regulation

of gene expression, metabolism, and signal transduction. By
monitoring these processes at the cellular level, researchers can
gain insights into the underlying mechanisms that govern
cellular behavior and identify e ective therapeutic strategies.
Tunable organelle-specific imaging and their dynamic inter-
play on the nanometer scale are essential to studying biological
behaviors. Dang et al. developed a cationic AlEgen DTPAP-P
based on anion- * interactions. This provides cell status-
dependent organelle targeting, enabling tunable organelle-
specific imaging and dynamic tracking by a single AlEgen at
ultrahigh resolution.**® A deep-red emission with excellent AIE
features was observed for DTPAP-P, because of its twisted
molecular structures and also the anion- * interactions here,
which not only restrict the intramolecular motions but also
prevent the strong - interactions. Afterward, mitochondria-
specific imaging with a high Pearson’s correlation coe cient of
97% by costaining with MitoTracker Red was observed for
DTPAP-P. In addition, a low saturation laser power value of 26
mW was also achieved using DTPAP-P, indicating the high
depletion e ciency. For both fixed and live cells, DTPAP-P
helped uncover the detailed structures of the mitochondria,
providing high performance in STED imaging with a 6—7-fold
increase in resolution. In addition, fission and fusion in
mitochondria were clearly observed using the STED mode
(Figure 3A and 3B). Interestingly, under light activation, a
migration process appeared in fixed cells from mitochondria to
nucleus. Time-dependent cell imaging was also recorded via
STED nanoscopy (Figure 3C—3E). As illustrated, mitochon-
dria-nucleus migration occurred when the irradiation time
increased, resulting in the gradually enhanced emission in the
nucleus until the migration was complete. These findings
suggest that DTPAP-P can not only provide the detailed
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Figure 4. (A) The real-time monitoring of the lysosomal morphology in A549 cells. Scale bar: 10 m. Adapted with permission under a Creative
Commons Attribution 3.0 Unported License from ref 131. Copyright 2015 The Royal Society of Chemistry. (B) Visualization of
autophagosomal-lysosomal fusion under two-photon excitation. Scale bar: 10 m. Adapted with permission from ref 132. Copyright 2014
Wiley-VCH. (C) Dynamic monitoring of the autophagy of the endoplasmic reticulum. Scale bar: 5 m. Adapted with permission under a
Creative Commons CC BY License from ref 133. Copyright 2021 Oxford University Press. (D) Real-time tracking of mitochondria in HeLa
cells for di erent time intervals. R = CH,CH,CH,CHjs. Scale bar: 20 m. Adapted with permission from ref 137. Copyright 2015 Elsevier.
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structures of organelles but also be used to further understand
biological functions in cells.

The large amounts of substances required by cancer cells are
predominantly obtained by phagocytosis, endocytosis, and
micropinocytosis, which are delivered to lysosomes to generate
nutrients through lysosomal degradation. Besides, the acidic
surrounding of lysosomes could be used as a catalyst to activate
the therapeutic e ects of prodrugs.*****° Taking advantage of
the acidic environment of lysosomes, carboline alkaloids
containing acid-activatable iridium complexes were developed.
The protonation of the a carboline nitrogen atom could enhance
the phosphorescence and O, generation in tumor/lysosome-
related acidic environments, which can be utilized to monitor
lysosomal integrity (Figure 4A).*** With the help of the iridium
complex in Figure 4B, the changes of lysosomal morphology
during lysosome autophagy were monitored in real-time.™*
Moreover, by introducing the commercial BODIPY unit into the
metal rhenium complex, Mao’s group constructed an AlE-active
complex for the environmental monitoring of the ER viscosity,
and was used to evaluate changes in the ER viscosity during ER-
to-lysosome-associated degradation (Figure 4C)."** By intro-
ducing a methylquinolin-1-ium group to the tripodal complex, a
platinum complex with photoactivated lysosome-nucleus escape
properties was designed.®* Mitochondria are biosynthetic,
bioenergetic, and signaling organelles existing in almost all
eukaryotic cells, and the state of them is closely related to
tumorigenesis, tumor development, and tumor metastasis."*>**°
A series of bis-N-heterocyclic carbene ligands containing
positively charged iridium complexes show the capabilities of
inducing and monitoring the morphological changes in
mitochondria by initiating a cascade of events related to
mitochondrial dysfunction (Figure 4D).**’

A photoactivatable probe THTTVP containing a photo-
sensitive tetrahydropyridine moiety was developed to facilitate
the in situ monitoring of organelle interplay."*® After cellular
uptake, this polarity-sensitive THTTVP probe first selectively
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accumulated in lysosomes and displayed weak emission,
attributed to its ICT properties. Under white light irradiation,
the probe could escape from lysosomes. One part of the
THTTVP selectively accumulated in hydrophobic LDs with a
turn-on green fluorescence, while other parts could undergo
photo-oxidative dehydrogenation reaction and accumulate in
cytomembrane and mitochondria with a turn-on red fluo-
rescence. The interplay between LDs and mitochondria under
ROS-induced oxidative stress can be monitored in situ and long-
term, with significant fluorescence spectral di erence. This
photoactivatable tandem organelle imaging strategy is promising
for the study of organelle interplay in various physiological
Processes.

Tracking cellular tra cking of metal ions with subsequent
cascading subcellular e ects is also of great importance, assisting
our understanding on metal homeostasis, regulation, toxicity, as
well as detoxification in the biological systems."*° Wang et al.
recently employed two AlEgens (AMBPA for Zn?*; CF4 for
Cu*) and showed that di erent metals (Zn and Cu) exhibited
contrasting cellular behavior and functions, despite the fact that
these were considered to be chemically similar and essential.**°
When entering cells, the first target of the Zn element was the
lysosome, whereas Cu only initially targeted the mitochondria.
The initial active participation of lysosomes partially explains the
homeosis of Zn in cellular systems. Beyond the handling ability
of lysosomes, there was a burst of Zn to other subcellular
organelles such as mitochondria, disrupting cellular homeostasis
and causing cellular toxicity. In contrast to Zn, there was time-
dependent Cu toxicity since it first targeted the mitochondria.
Such di erential targeting of subcellular organelles subsequently
resulted in a cell functional change. The mitochondria
membrane potential was much more sensitive to Cu exposure,
whereas the lysosomal pH was more sensitive to Zn exposure.

DNA is essential for every form of life, carrying genetic
instructions for the development, functioning, growth, and
reproduction of all known organisms and many viruses. DNA

https://doi.org/10.1021/acsnano.3c03925
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damage triggered by endogenous and exogenous factors can
a ect biological processes and cause many diseases.** "%
Therefore, monitoring the state of DNA is important. To date,
numerous fluorescent molecules have been deliberately
designed to probe DNA-related activities, which can interact
with DNA through electrostatic interactions, throphobic
interactions, hydrogen bonding, or stacking.**® Some of
these molecules have been commercialized for nucleic acid
binding and imaging, such as ethidium bromide, propidium
iodide (PI), Hoechst 33258, and 4',6-diamidino-2-phenylindole
(DAPI).**"~**% However, PI and other traditional DNA probes
face the problems of stability, photobleaching, and the ACQ
e ect, which greatly limits their applications in imaging and
detection. In sharp contrast, AlEgens are more stable and
resistant to photobleaching, and more favorably, and are able to
boost fluorescence in the aggregate state or upon binding with
DNA, hence attracting great attention for detecting and
illuminating DNA.*****% An important feature of AlEgens is
that their fluorescence signal can be turned on upon binding
with DNA. With the increase in the concentration or the length
of DNA, the fluorescence of AlEgens increases accordingly.
Zhou's group designed a derivative of p-phenylenediacetonitrile
(FcPy) with pyridinium end groups, whose fluorescence was
used to detect nucleic acids, including single-stranded DNA,
double-stranded DNA, and ribonucleic acid (RNA).**® The
increase in DNA sequence length led to an increase of the
fluorescence of FcPy, given that a longer DNA sequence with
more negative charges could attach more positively charged
FcPy molecules through electrostatic interactions.

Recently, researchers developed a dual-functional AlEgen,
TPCI, with high DNA bindinga nity (Figure 5A).*°° The dual
functionality of TPCI comprises: (i) the e cient ablation of
cancer cells and (ii) reporting the anticancer e ects in real time
from the start of therapy. Determined by isothermal titration
calorimetry, the binding constant of the DNA to TPCI was 5.68
x 108 M ~1, higher than most DNA intercalators. Before light
irradiation, there was no TPCI fluorescence in the nuclei of the
HeLa cells. However, after laser irradiation, the fluorescence was
turned on (Figure 5B). TPCI could translocate across the
nuclear membrane and bind to nucleic acids in the chromatin,
leading to fluorescence in the nuclei. In addition, studies on two
other multicationic analogs with a similar triphenylamine core
structure as TPCI, indicated that increasing the number of
cationic branches could enhance the binding a nity of the
AlEgens to DNA.*®* Based on the photoswitching activity upon
binding with DNA, a ruthenium complex with the ability to
induce nuclear DNA aggregation (phase separation) was
constructed (Figure 5C)."®* The process of nuclear DNA
aggregation was induced and traced (Figure 5D and 5E).
Meanwhile, it was found that changes in the aggregate state of
DNA could directly a ect chromatin accessibility and result in
the gene expression chaos of tumor cells, which provided a
perspective for tumor therapy through modulation of tumor
related gene expression.

G-quadruplex DNA is a special structure composed of poly
guanine sequenced DNA. The amount of G-quadruplex DNA is
significantly increased in a variety of tumor cells, suggestin%that
G-quadruplex may be linked with cancer progression.***** By
introducing the AlE-active triphenylamine skeleton into
cisplatin analogues, a platinum complex with the ability to
induce G-quadruplex DNA aggregation was constructed,
providing a structural basis for understanding this aggregation
process."*>*%® The binding features between AlEgens and DNA
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Figure 5. (A) Chemical structure of TPCI. (B) Time-lapse CLSM
images of irradiated TPCl-pretreated living HeLa cells costained
with MitoTracker. Time interval: 5 s. Scale bar: 13 m. Adapted
with permission from ref 160. Copyright 2019 Wiley-VCH. (C)
Chemical structure of DNA light-switching ruthenium complex. (D)
DNA aggregation in living cells visualized by confocal microscopy
(top, scale bar: 20 m) and super-resolution Airyscan (bottom, scale
bar: 2 m) at di erent time intervals. (E) Computer simulation of
the induced DNA aggregation mechanism in all-atom MD
simulation systems. Adapted with permission from ref 162.
Copyright 2021 American Chemical Society.

can further be employed to diagnose certain diseases involving
abnormal DNA, such as DNA methylation and single nucleotide
polymorphisms.*6’~7

AlEgens also have great potential in visualizing cellular
physiological activities, including apoptosis, autophagy, osteo-
genic di erentiation, etc. Previous research demonstrated that
the synergistic hydrophilicity and electric charge modulation
could endow AlEgens with specific recognition properties.
Therefore, it was rationalized that introduction of the electro-
negative oligo(ethylene glycol) side chains into the polymer
P(TPE-20EG) could reduce the nonspecific binding e ect
(Figure 6A). As shown in Figure 6B and 6C, good selectivity of
P(TPE-20EG) toward viable cells in the presence of dead and
apoptotic ones was acquired, which benefited from the high
molecular weight and synergistic e ect and could not be realized
by the related low-mass monomers."’* Furthermore, by the
modification of the ethylenediaminetetraacetic acid (EDTA)
moiety to the conjugated backbone, whose structure is shown in
Figure 6D, the electronegativity of the side-chain was enhanced.
Benefiting from the relatively intense binding ability with
calcium ions (Ca®"), PTB-EDTA possessed high selectivity
toward di erentiated osteoblasts cells, which could not be
realized by its monomer analog. Compared to the typical
Alizarin Red S staining, the dynamic monitoring of the
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di erentiation process could be observed by labeling with PTB-
EDTA. Moreover, the sensitivity was much higher than that of
the Alizarin Red S staining method by 7 days, which is highly
desirable for related applications (Figure 6E and 6F).*"* Taking
advantage of the amino-yne click reaction, an intracellular
polymerization was realized (Figure 6G). It was proved that the
monomers alone could not light-up cells, while bright green
fluorescence could be detected after the sequential incubation
with the two monomers, realizing the turn-on imaging of HelLa
cells (Figure 6H and 61).*"

Nanoparticle-based drug delivery systems (NDDSs), as a
powerful platform for the controlled delivery of cargoes to the
target site, have attracted considerable attention in biomedical
fields."**"> For the delivery process, NDDSs should be able to
(i) accumulate at the target site with prolonged circulation time
after administration, (i) attach to the cell membrane and enter
the cell, and (iii) then undergo controlled release of the loaded
cargoes under di erent stimuli-responsive mechanisms at the
subcellular organelle."’®~*"® Due to the high resolution and
sensitivity, noninvasive fluorescent imaging is widely used as a
first-line method for visualizing bio-nano interactions and
dynamic transportation behavior.***~*#* Using a typical AIEgen
TPE, the dynamic delivery and release process of two
representative cargoes, small molecule drug doxorubicin
(DOX) and nucleic acid, was spatiotemporally visualized.
DOX was bound to the surface of the TPE NPs via electrostatic
interactions, providing self-indicating TPE/DOX (TD) NPs.
When internalized into cells, TD NPs were first wrapped into
lysosomes, and then, DOX was released from the surface of the
TPE NPs under the acid microenvironment of lysosomes. Then,
the TPE NPs were transported into the cytosol, and the released
DOX was sorted into the nucleus.'®® Then, a double-quenched

nanoprodrug system was constructed.’®® TPE and DOX were
linked together via a pH-responsive hydrazone bond, thus
forming THyD NPs by reprecipitation. THyD NPs were
nonemissive due to the fluorescence resonance energy transfer
between TPE and DOX. When internalized into cells, THyD
NPs were sorted into lysosomes. The fluorescence signal of TPE
and DOX was recovered along with breakage of the hydrazone
bond under the acidic conditions of the microenvironment.
Thus, the fluorescence “turn-on” process represents the
spatiotemporal release kinetics.

Apart from the wide applications in mammalian cells, AlIEgens
also exhibit great potential for studies plants. Microalgae o er
scope to help secure food supplies by synthesizing numerous
compounds with health benefits. Lipid composition in micro-
algae can alter from saturation to unsaturation at the later phases
of lipid accumulation, therefore, strict temporal and spatial
controls on cell harvesting are critical for maximal lipid yield.*®”
Facile detection of the microalgal strains and the phases of
optimum lipid production can advance algal lipid research in
labor and cost-e ective manners. Over the past few years, several
high-quality, biocompatible fluorophores with AIE properties
have been developed for lipid research.®® Recently, an AIE-
active triphenylamine derivative, TPA-A was used to label and
sort the Chlorella vulgaris cells with high lipid content.*®° In the
aggregate state, TPA-A exhibited a strong green fluorescence
and could easily avoid the red fluorescence of chloroplasts. Due
to the AIE properties and photostability of TPA-A, long-term
monitoring of the LDs and chloroplasts during the growth
period of C. vulgaris was realized and enabled determination of
the optimum lipid harvesting time. Moreover, a rapid and wash-
free strategy to visualize the LDs has also been reported in
morphologically distinctive microalgae, Euglena gracilis, without
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Figure 7. (A) Chemical structure of PM-ML. (B) A schematic illustration of an axon wrapped by a myelin sheath. (C) A segment of teased sciatic
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(asterisk). Scale bar: 5 m. (D—F) Three-dimensional rendering of Z-stacks of caudal putamen in the optically cleared mouse brain stained with
(D) FluoroMyelin Green, (E) FluoroMyelin Red, and (F) PM-ML. Scale bars: 20 m. (G) Overlaid images of sagittal sections in the cerebellum

of wild-type (WT) or homozygous ( /

") mice stained with PM-ML (red) and Hoechst 33342 (blue). Scale bars: 50 m.

Adapted with permission from ref 193. Copyright 2021 The National Academy of Sciences.

acell wall, and Chlamydomonas reinhardtii, with a carbohydrates-
based cell wall utilizing AlEgens, DPAS, and 2-DPAN,
respectively.**>*** The hydrophobicity of benzophenone
allowed these nanoprobes to strongly target and accumulate in
LDs that are also hydrophobic in nature. Additionally, neither of
the AlEgens interfered with the red channel of chlorophyll
autofluorescence, meaning that they are promising as a
multicolor visualizing tool for microalgae.

2.2. Tissue Imaging. While the subcellular structure and
cellular processes can be studied by in vitro imaging, in situ and
direct imaging of intact tissues isolated from animals or humans
can be used to obtain more intrinsic and accurate information.
Di erent from cells added and cultured externally in an artificial
medium, the interaction and status of immobilized cells in the
tissue are more complex. In addition, tissue specimens are often
thicker with compact objects, which causes severe autofluor-
escence and scattering during fluorescent imaging. Guided by
the RIM mechanism, the intramolecular motions of AIE probes
are restricted under the formation of aggregates, which activates
the radiative pathway and strong emission. This mechanism has
endowed AIE probes with high signal-to-noise ratio, photo-
stability and brightness after specifically binding to the
subcellular structure or protein in tissues, therefore exhibiting
great promise in the field of tissue imaging.'*?

Chen’s group explored the potential application of an AIE
probe in neuroimaging.”®® They reported an AlE-active probe,
named PM-ML, that showed significant fluorescence enhance-
ment in the aggregate state or upon interacting with
phospholipid bilayers (Figure 7A). Myelin is a biological
structure composed of several layers of densely packed
membranes that are wrapped around the axons (Figure 7B). It
is particularly important for rapid nerve impulse propagation in

axons of the central nervous system. PM-ML was rationally
designed witha D- -A structure and a nonplanar triphenylamine
terminal unit as the basis for its AIE properties. PM-ML not only
selectively binds to the myelin sheath in teased sciatic nerve
fibers from the peripheral nervous system but also stained the
myelinated fibers in mouse brain tissues (Figure 7C). PM-ML
with a high signal-to-background ratio is superior to the
commercial myelin stains Fluoromyelin Green and FluoroMye-
lin Red (Figure 7D—7F), which allowed neuroscientists to trace
myelin fibers with PM-ML and to evaluate myelination in thick
tissue slices. The application of PM-ML staining in assessing
myelination for neuropathological studies was also demon-
strated by using a mouse model with demyelination disease
(Figure 7G).

Multiphoton fluorescence imaging has become another
popular method for deep tissue visualization due to its
advantages of longer-wavelength excitation and higher 3D
resolution.***™*°" Tang et al. reported a bright two-photon
AlEgen (TTS) with a D-A structure."®® Resulting from a high
two-photon absorption cross section at 900 nm under laser
irradiation, a much deeper penetration (>200 m) and mild
fluorescence loss were achieved by TTS dots in excised liver
tissue, clearly exhibiting advantages over one photon fluo-
rescence. In addition two-photon AIE molecules with D-A
structures have been developed by researchers for tumor
tissues,*99%%% fatty liver,””* and neurodegenerative dis-
eases’’>?% with high resolution and deep tissue penetration,
showing the broad application of this strategy. Besides AIE
molecular probes, AIE NPs were synthesized by a simple
nanoprecipitation method for ex vivo two-photon tissue imaging.
Niu et al. developed a synthetic strategy to produce AlE-active
acrylonitriles (2TPAT-AN and TPAT-AN-XF) by simply
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Figure 8. (A) Chemical structures and emission peaks of QM-based AlEgens in their aggregate states. (B) Transmission electron microscopy
and confocal laser scanning microscopy images of the QM-2 and QM-5. (C) NIR fluorescence imaging of tumor-bearing mice after intravenous
injection of QM-2 (top) and QM-5 (bottom). (D) The 3D fluorescence imaging of tumor-bearing mice after intravenous injection of QM-5.
Adapted with permission from ref 229. Copyright 2015 Wiley-VCH. (E) Illustration of the morphology and size tuning by FNP and theire ects
on tumor cell imaging of zebrafish. Adapted with permission from ref 230. Copyright 2018 American Chemical Society.

tuning the reaction temperature.?®* Given the large two-photon
absorption cross-section at 880 nm of up to 508 GM due to their
D-Astructure and extended -conjugation, as well as strong two-
photon fluorescence, the TPAT-AN NPs prepared by nano-
precipitation methods showed a high signal-to-noise ratio and
high contrast, which was distinctly revealed by the reconstructed
3D images. Such AIE NPs show great potential in two-photon
deep tissue bioimaging and the long-term dynamic tracking of
tumor metastasis.

For the application of AlEgens in tissue imaging, the particle
size is one of the key factors in their distribution within the body.
Normally, large AIE nanodots have intense accumulation in
organs, such as the liver and kidneys, after intravenous injection,
which limits their usage for imaging specific tissues. To enhance
tumor targeting and reduce the retention in the liver, Jiang et al.
used a microfluidic chip to control the assembly of AIEgens and
their particle sizes.?>® Instead of the conventional stirring or
vortexing methods, microfluidics provided ultrahigh mixing
e ciency and precise regulation of di erent components.”*®°
In the presence of the coating agent DSPE-PEG, sub-10 nm AIE
QDs were synthesized in the rationally designed double spiral
channel. Four kinds of AlEgens were tested as QDs and
nanodots. The small-size AIE QDs showed increased cell uptake
as compared to the large-size ones. Small-size QDs could evade
the liver and target the tumor more e ciently than the larger-
sized ones.

2.3. Imaging. In vivo imaging techniques allow
scientists to study and understand the dynamic and complex
biological processes such as tumor growth, gene expression, and
drug delivery in living animal models, with real-time, in situ and
noninvasive characteristics.’°*?°° In addition, the applied
experimental objects are closer to the actual condition, which
can better simulate the physiological and pathological processes
of the organism. Significant advancements have been made in in
vivo imaging to overcome its current limitations by NIR,
multiphoton and PAI equipment, which have expanded its

applications and increased its potential for clinical trans-
lation.*°~?'* Considering the successful demonstration of
several rising examples for in vitro and ex vivo visualization,
AIE probes are anticipated to 0 er good imaging performance in
live animals.

2.3.1. Near-Infrared Imaging. With enhanced light pene-
tration and lower background signals, near-infrared (NIR)
imaging can o er improved performance when compared with
traditional techniques at the shorter wavelength region.”*>~2%*
Taking advantage of the AIE features and their long emission
wavelength, NIR AlEgens can not only provide desirable
photostability and enhanced fluorescence e ciency in aggre-
gates but also exhibit reduced tissue scattering, enhanced
penetration depth, diminished autofluorescence, and minimal
photodamage to biological tissues.”**~**® A win-win coopera-
tion could be achieved by combining NIR emission into
luminogens with AIE characteristics, enabling better bioimaging
quality and rapid development for biological applications.

Aiming to extend the emission wavelength of the AlEgens, the
predominant molecular engineering strategy is focused on
introducing large -conjugated structures, strong electron-
donating, and/or electron-accepting groups.”’ When cova-
lently linking quinoline-malononitrile (QM) with thiophene via
a carbon-carbon double bond, the resulting QM-1's emission
wavelength peaked at only 612 nm (Figure 8A). After attaching a
strong electron-donating alkoxytriphenylamine group to QM-1,
the resulting QM-3 showed a longer emission at 705 nm.
Furthermore, using the 3,4-ethylene-dioxythiophene (EDOT)
unit produced QM-6, extending the emission to around 719 nm.
Such structural modifications can not only tailor fluorescence
wavelength, but also determine the morphology of the
aggregates, as shown in Figure 8B. Further in vivo imaging
demonstrated that rod-like QM-2 nanoaggregates displayed
whole-body distribution, whereas spherical QM-5 nanoaggre-
gates showed excellent tumor-targeting ability (Figure 8C and
8D). Furthermore, Zhu et al. introduced the flash nano-

https://doi.org/10.1021/acsnano.3c03925
ACS Nano 2023, 17, 14347—-14405



ACS Nano WWW.acsnano.org
R
A C
O.O - . B o o T “s,u;? £
- s ¥ e - B Q
\/S> (F' ¢ ”-‘-r'.r‘r" s """;L,'_i . .)2‘. Evaporation 5 (9: g
J s7 A ll.};("("-'- s —_— S
B N O. .L‘}‘: A . '{ ‘ o L."*,: Redispersion into dnf{ A '\p&b
Q ¢ R, - b aqueous environment ff fs‘ Qp
Toluene ] r;h 6“
R IRFX,X=T, E,;R=Br
s s =T P 7%
Cre Tyt e M IRFXP, X=T, EN Q -rrE l"-_'w \ qcc‘““m = PS-g-PEG
- 0 2 R=Njor -¥N \)\,(o\/\)OH

Z (pm) 221.4 437.4 658.8 880.2 1036.8 1323.0
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NIR-I1b imaging for ischemic stroke. Adapted with permission from ref 253. Copyright 2022

precipitation (FNP) method to control the aggregation of AIE
NPs.29=232 As shown in Figure 8E, AlEgens and amphiphilic
block copolymers were dissolved in a water-miscible organic
solvent, and then the organic solvent was mixed with water in the
mixing chamber. Subsequently, NPs were obtained with AIE
molecules encapsulated. Through engineering parameters,
including the flow rate and solvent ratio, this FNP method can
regulate the size, shape, and orientation of AIE NPs. Thus, the
FNP method is a promising platform to achieve the facile and
scale-up manufacture of AIE NPs, especially with a narrow size
distribution, tunable physical and chemical characteristics, and
good batch-to-batch reproducibility.

Enhancing the emission intensity is important for further
promotion of NIR imaging and detection in biological research
and clinical applications. To a ord higher PLQY in aqueous

solutions, Liang et al. utilized EDOT as the donor unit to
construct NIR-11 fluorophores IR-FEP (Figure 9A).%** Such a
rather bulky EDOT unit significantly increased the dihedral
angle between the donor and the benzobisthiadiazole (BBTD)
acceptor, when compared to IR-FT with thiophene as the donor
(Figure 9B). Interestingly, the PLQY of PEGylated IR-FEP
reached 2% in water, which was around 100-fold higher than that
of IR-FTP. The bulkier donor can e ciently shield the BBTD
acceptor, reducing the interaction with water molecules and thus
improving the aqueous QY.?**** Benefiting from the AIE
e ect, IR-FE powder showed stronger NIR-11 emission than the
ACQ molecule IR-FT. A series of NIR-1I fluorophores with
backbone distortion between donor and acceptor have also been
developed, and they showed enhanced PLQYs in agueous
solutions, partially correlated with the AIE e ect originating
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Copyright 2022 American Chemical Society.

from backbone distortion.?*>?*° Poly(styrene-co-chloromethyl-
styrene)-graft-poly(ethylene glycol) (PS-g-PEG) was used as an
amphiphilic polymer to encapsulate IR-FE and a ord a p-FE
(Figure 9C).%*" Under the excitation of a laser at 808 nm, p-FE
showed a strong emission peaking at around 1010 nm with a
high PLQY of 16.5% in water. So far, several bright NIR-II
AlEgens have been developed, and they exhibit promising
application prospects.**~**° Owing to the high PLQY of p-FE,
the exposure time could be reduced to 2 s in the fluorescence
brain imaging beyond 1100 nm, enabling real-time fast NIR-I
imaging. One-photon 3D confocal imaging was also conducted
on account of the high QY of p-FE. Clear distinguishability of
the brain vessel depth from 221 to 1323 m was demonstrated,
and small vessels with a diameter of 5—7 m could be clearly
resolved (Figure 9D).

The in vivo optical imaging beyond 900 nm has been
discovered to possess deeper penetration and higher resolution,
compared with imaging in the 360—900 nm range.”**~%** The
NIR-11 (1000—1700 nm) window along with its subwindows
including NIR-1la (1300—1400 nm) and NIR-11b (1500—1700
nm) window, endow optical molecular imaging with desired
penetration depth and spatial-temporal resolution, which has
attracted much attention.”*>~?*° Incorporating TPE or bulky
modules into the backbone, NIR-11 fluorophores can inherit AIE
characteristics that not only minimize the quenching e ect but
also promote the overall fluorescence intensity and the emission
tails wavelength moves into the NIR-lla and NIR-1Ib regions.
The NIR-II AIE fluorophore, HLZ-BTED based on benzobis-
thiadiazole (BBTD) and TPE reported by Hong's group was
successfully used for blood vessels, long-term breast tumor,

https://doi.org/10.1021/acsnano.3c03925
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Figure 13. (A) NIR-Ila image-guided tumor resection in mouse models. Adapted with permission from ref 270. Copyright 2020 American
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Chemical Society. (C) NIR-IIb detection of the complete uterine obstruction in mouse models. Scale bar: 10 mm. Adapted with permission
from ref 272. Copyright 2021 Elsevier. (D) NIR-1I and visible fluorescence hybrid image-guided surgery of the mesenteric lymph nodes in
rabbit models. Scale bars: 1 cm. Adapted with permission from ref 273. Copyright 2022 Elsevier.

ischemia, the gastrointestinal (GI) tract, and intestinal
obstruction NIR-II imaging (Figure 10A—10C).**° Very
recently, a few highly twisted small-molecule NIR-1Ib AIE
imaging agents, such as HL3, HQL2, and HY4, have been used
for NIR-Ilb vascular imaging.>*~>*®* HL3 and HQL2 dots
showed a increase in PLQY of 11.7% and 11.9% over 1000
nm and 0.05% and 0.02% over >1500 nm in aqueous
solution, respectively. Notably, by utilizing the tail emission of
HL3 and HQL2 at 1500 nm, NIR-11b imaging of blood vessels,
cerebral vasculature, lymphatic drainage, and U87MG-tumor
angiogenesis was successfully achieved with near-zero back-
ground noise, high resolution, and a high signal-to-noise ratio.
Using the NIR-lIb emissive AIE HY4 dots, Hong and co-
workers achieved real-time feedback on the therapeutic e cacy
of Chinese medicine Dengzhan Xixin injection on ischemic
stroke, as shown in Figure 10D.*** Aiming to prolong the
imaging window beyond 1500 nm, AIE dots with highly twisted
structures were used to precisely image the mice brains in the
NIR-11b window.”**

Further, as an essential step toward deciphering life science,
imaging targets have been expanded to nonhuman primates
from mice/rats/rabbits. Herein, excretable and bright NIR-11
AIE dots with emission tailing beyond 1500 nm have been
developed. The NIR-II fluorescence microscopic monitoring
through-thinned-skulls of nonhuman primates brain vessels
using microscopic monitoring and the NIR-I1b fluorescence Gl
imaging was successfully achieved (Figure 11A and 11B).**°

14360

Centimeter-deep and three-photon fluorescence NIR-II vascu-
lar imaging in nonhuman primates has also been realized.”***’
Further, a series of quantitative approaches have been developed
to assess the structural changes of deep vessels using
biocompatible AIE dots.?*® The morphological changes and
organization remodeling of cortical blood vessels in marmosets
during stroke have been fully and accurately analyzed.?**?%°
Afterglow luminescence is an optical phenomenon where
some substances keep emitting the light after stopping their
optical excitation.®* By means of this property, afterglow
imaging exhibits many advantages when compared with
traditional fluorescence imaging such as no background signal
interference, ultrahigh sensitivity, no real-time excitation,
etc.?°>7?%° To date, although there exist several kinds of
afterglow materials such as rare-earth metal agents, semi-
conducting polymers, and small organic molecules, real
applications including bioimaging in complex living contexts is
still limited due to poor response to targets and weak emission in
aqueous environments.?®” Recently, Ding et al. conjugated an
ONOO™ responsive group to the enol ether precursor of
Schaap’s 1,2-dioxetane. A similar nanoengineering strategy by
using twisted AlEgen was employed to prepare an ONOO™ and
pH dual-responsive NIR afterglow nanoprobe with enhanced
afterglow luminescence for the study of neutrophil-involved
disease and antitumor drug screening.?®® The process for
preparing the nanoprobe is shown in Figure 12A, and the series
of reactions that occurred within the nanoprobe are depicted in
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Table 1. Reported AlEgens for Biological Imaging
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Table 1. continued
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Table 1. continued
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