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ABSTRACT: Observations of the micro world, especially the structures of organelles, have
been attractive topics since the 17th century. As a powerful detection tool, the fluorescence
technique has played a significant role in bioimaging to provide more details and enhance the
signal-to-noise ratio compared to that of traditional optical microscopes. The boom of
aggregate-induced emission luminogens (AlEgens) in the last two decades has revolutionized
the design strategy of luminescent materials for biological applications. This Review
summarizes the advantages and recent progress of AIEgens in imaging and tracking. Different
imaging strategies of AlEgens including turn-on imaging, stimuli-response sensing, and long-
term tracking are presented. NIR AlEgens used for in-depth bioimaging via different methods
are also discussed. Finally, we propose several potential development directions for AIEgens in
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1. INTRODUCTION

For a long time, curiosity has driven people to observe tiny
things invisible to the naked eye. As early as the first century
A.D.,, Seneca, the tutor of the emperor Nero, once discovered
the phenomenon of enlarging letters underwater. In the 17th
century, the first telescope was invented by Italian scientist
Galileo Galilei, which can see “flies as large as hens.”"?
However, human curiosity did not stop there. Compared to
static objects, the observation of living creatures was much
more attractive. Anton von Leeuwenhoek improved the
microscope and used it to observe various tiny creatures.’
Until then, the door of the microbial world had gradually
opened to humans. The microscope allowed people to observe
various cellular organelles, such as mitochondria, chloroplasts,
etc.”® On the other hand, most of the components in the cell
structure are colorless and transparent, making it difficult for
human eyes to distinguish them under ordinary optical
microscopes. One strategy to improve the imaging contrast
and quality is to stain cellular organelles with different dyes
that emit fluorescence.

“Fluorescence” was first proposed by George Gabriel Stokes
in the 19th century, who also predicted that fluorescence could
be used as an analytical tool.” The first fluorescence
microscopes were invented by the companies Carl Zeiss and
Carl Reichert at the beginning of the 20th century.” With its
distinctive advantages of noninvasiveness, high sensitivity, and
real-time response, fluorescence imaging has become an
irreplaceable detection method in biological and medical
research.”'” In recent years, plenty of fluorescent materials
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have been developed for bioimaging, like metal nano-
clusters,' "' quantum dots,">'* and carbon dots.'>'® Besides
these materials, small organic molecules also attracted
significant attention due to their excellent biocompatibility,
tunable emission wavelengths, and variable functionalization
strategies. Since biological systems are an aqueous environ-
ment, where organic molecules tend to aggregate, most of the
traditional organic fluorophores show weak or even quenched
emissions in high-concentration solutions due to 7—7 stacking
interactions. This phenomenon is known as aggregation-caused
quenching (ACQ), which significantly limits the application of
ACQ fluorophores in biological systems.'”

As the opposite of the ACQ _effect, Tang and co-workers
conceptually coined the aggregation-induced emission (AIE)
phenomenon in 2001."® Unlike traditional organic dyes,
AlEgens have no or weak emissions when dispersed in
solution but display strong emissions in the aggregated or solid
state. The mechanism of AIE is well explained by the
restriction of intramolecular motion (RIM), including
restriction of intramolecular rotation (RIR) and restriction of
intramolecular vibration (RIV) (Figure 1). When the
molecular motion is restricted, the nonradiative decay channel
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Figure 1. Proposed mechanism of aggregation-induced emission.
Reproduced with permission from ref 19. Copyright 2020 Wiley-
VCH.

will be blocked, while enhancing the radiative decay channel."”

The key feature of AIE luminogens, that is, embracing the
aggregation effect rather than avoiding it, makes them
intrinsically compatible with applications in biological systems,
where AlEgens are in the aggregated state. In this way, the
emission from aggregate is much brighter than single molecule
or dilute solution, which endows AlEgens the first advantage
compared to traditional dyes. In addition, aggregate units many
molecule together makes AlIEgens excellent antibleaching
abilities, which is indispensable property for monitoring long
time biobehavior.”” Applicability to living organisms, bright
emission, and antibleaching ability provide AIEgens promising
development prospects. The explosive development of AIE
research has revolutionized the design strategy of luminescent
materials for biomedical applications in organelle imaging,
biological process tracing, as well as multimode synergetic
therapy in the past two decades.”' ™’

To comprehensively demonstrate the advantages of AIEgens
in the field of bioimaging, in this Review, we summarize several
strategies for AIEgen-based bioimaging with some typical
examples from the visible light to the near-infrared (NIR)
region (Scheme 1). First of all, turn-on imaging will be

Scheme 1. Different Strategies of AIE Probes
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discussed as the most fundamental and essential characteristic
of AIE. Stimuli-response sensing will be reviewed as the
application for the detection of the physiological environment.
In addition, long-term tracking will be explored to observe
different biological processes. Furthermore, NIR imaging will
be investigated as a representative of deep and precise imaging
of living systems. In the end, several promising possibilities for
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future development in bioimaging will be proposed, including
the development of novel imaging techniques and applications.
We hope that this Review will provide valuable information
and viewpoints for researchers in this field and inspire further
exploration of the diverse applications and opportunities
offered by AlEgens in this exciting and rapidly evolving field
of bioimaging.

2. TURN-ON IMAGING

According to the mechanism of AIE, AlEgens exhibit
fluorescence upon restriction of molecular motion, which has
led to the development of numerous turn-on AIE probes.”***
By utilizing the RIM mechanism, these turn-on probes can
selectively detect and visualize various molecular targets with
high sensitivity and low background noise, offering a powerful
tool for biological research. Traditional ACQ_ fluorescence
probes could have emission even in nontargeted binding sites
and culture medium, which result in high background noise.
On the contrary, AIEgens have almost no emission in solution.
After addition to culture medium, only binding sites can
exhibit significant emission, due to AlEgens only generating
bright emission colors in the aggregate state, and the
background signal in the culture medium is weak, making
the bioimaging process wash-free and user-friendly.”® With the
advantages of specific emission at binding sites, low back-
ground noise, and convenient wash-free operation, AIEgens are
excellent candidates for turn-on imaging probes.

The detection of bacteria by fluorescent dyes was usually
through the strategy of the electrostatic adsorption interaction.
For example, Phillips, Wang, and Tang et al. reported the
cyclooctatetrathiophene (COTh) derivatives, which exhibited
restricted vibration upon aggregation and contained unique
AIE properties.”” Experimental and theoretical data demon-
strated that intramolecular motion triggered by aromaticity
reversal played a pivotal role in the aggregation-induced
emission phenomenon of the COTh system. To explore the
potential of these molecules for biological imaging applications,
a COTh derivative with pyridine substitutions with positive
charges (COTh-Py) was designed and synthesized. COTh-Py
showed weak emission in an aqueous solution but exhibited a
bright emission upon aggregation. When added to the culture
medium of bacteria, the positive charges on the COTh-Py
molecule electrostatically adsorbed onto the negative charges
on the surface of the bacteria, resulting in the restriction of the
vibration of the molecule’s four arms and a corresponding
turn-on of its emission (Figure 2a,b).

Besides electrostatic adsorption, the change from the
dispersed state to the aggregated state could be realized via
differences in solubility. AlEgens tend to exhibit increased
emission upon aggregation in undesirable solvents. By utilizing
this strategy, Zhao and Tang et al. developed TPABSM
through the construction of triphenylamine (TPA) and
benzothiadiazol-7-ylidene malononitrile (BSM) (Figure 2¢).®
TPA was a representative AIEgen endowed with remarkable
electron-donating capabilities, while BSM, a newly introduced
acceptor core, exhibited a strong electron-accepting ability. By
combining TPA and BSM, a donor—acceptor (D-A) structure
was formed to empower red emission with excellent AIE
properties. Furthermore, the addition of fluorine atoms is a
widely used strategy for improving the lipophilicity of organic
molecules.”” Encouraged by this, the authors explored the
potential of TPABSM as a lipid droplet (LD) targeting dyes.
First, the log P (n-octanol/water partition coefficient) value,
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Figure 2. (a) Schematic illustration of the process of bacteria imaging.
(b) Microbial imaging application of COTh-Py. (iii) Bright-field and
fluorescent images of Escherichia coli (E. coli) with S0 uM of COTh-
Py for 1 h. (iii,iv) Bright-field and fluorescent images of Penicillium
chrysogenum with 20 uM of COTh-Py for 2 h; scale bar is 20 ym.
Reproduced with permission from ref 27. Copyright 2019 Springer
Nature. (c) Molecule structure of TPABSM. (d) In vivo zebrafish
embryo fluorescence and bright merged imaging stained with
TPABSM,; scale bar is 50 um. Reproduced with permission from ref
28. Copyright 2022 American Chemical Society.

which is related to lipophilicity, of TPABSM was calculated
and compared with commercial lipid dyes. The log P value of
TPABSM was 8.403, higher than those of Nile Red (4.618)
and BODIPY 493/503 (5.028), indicating the possibility of
TPABSM for LD imaging. Further colocalization experiments
verified the specificity of TPABSM for LDs. Consistent with
the expected results, TPABSM could stain LDs well in both
AS549 and HeLa cells. TPABSM was first dissolved in dimethyl
sulfoxide (DMSO) with weak emission. After incubating with
cells for 1 h, the TPABSM molecules entered and were
enriched in LDs because of their brilliant lipophilicity. Finally,
the aggregation restricted the rotation of the TPA unit and
turned on the emission of TPABSM in cells’ LDs. In vivo
imaging was also conducted in zebrafish. It is known that the
yolk sac of zebrafish is responsible for storing neutral lipids and
polar phospholipids.’® As shown in Figure 2d, after being
stained with TPABSM for 30 min, 3-day-old zebrafish embryos
displayed vibrant red fluorescence signals that emanated from
their yolk sac. This turn-on probe offers a platform for in vivo
LD imaging and research on LD-related physiological
activities.

Restricting the motion of a molecule by inserting it into a
protein cavity is another promising strategy for developing
turn-on probes. Zhang, Niu, and Zhang et al. developed a
novel AlEgen, TPEMA, by conjugating ethylmalonic acid, a
targeting group, with tetraphenylethylene (TPE) (Figure 3a).’’
This innovative AIEgen exhibited high selectivity for specific
cytosolic creatine kinase (CK) isomers due to the different
cavities of different CK subunits, the B subunit, and the M
subunit. Three different CK isomers could be constructed by
the homo/heterodimerization of CK-B and CK-M (CK-BB,
CK-MB, CK-MM). The detection of TPEMA of different CK
isomers was investigated first. TPEMA showed excellent
fluorescence as high as 9.2-fold enhancement after adding
CK-BB. The Job plot assay indicated that the binding
stoichiometry between TPEMA and CK-BB is 1:1, revealing
the restriction of single molecular motion. The addition of
other types of CK isomers or common biomolecules did not
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Figure 3. (a) Molecule structure of TPEMA. (b) Confocal images of
CK in macrophages without (left) or with (right) pretreated with CK-
BB for 30 min and then incubated with TPEMA for 30 min; scale bar
is 5 pm. Reproduced with permission from ref 31. Copyright 2020
Wiley-VCH. (c) Design strategies for fluorogenic probes for tag
proteins. (d) Time-lapse imaging of HEK293T cells expressing
HaloTag-rhodopsin on the cell surface using Halo rhodamine-4 (0.5
uM); scale bar is 20 um. (e) Time-lapse imaging of HEK293T cells
expressing SNAP-tag-ADR/2 (beta-2 adrenergic receptor) on the cell
surface using SNAP rhodamine-3 (0.5 uM); scale bar is 20 um.
Reproduced with permission from ref 32. Copyright 2022 American
Chemical Society.

turn on the TPEMA fluorescence. Molecular dynamics (MD)
simulation results confirmed the restriction of TPEMA in the
B-subunit by strong C—H:--7r interactions after ethylmalonic
acid anchoring CK-BB, resulting in turn-on emission. On the
contrary, the distance between the phenyl rings of TPEMA and
the methyl groups of Leu 201 was too long to form C—H--x
interactions in the M subunit, where the vibration of TPEMA
was free, leading to no fluorescence. The high selectivity of
TPEMA to the B subunit of CK isomers encouraged
researchers to explore its potential as a cell imaging probe.
Macrophage was selected for biological applications in which
CK-BB mainly distributes. After incubation with TPEMA after
30 min, fluorescence in the macrophage was observed with a
2.8-fold increase compared to the control group (Figure 3b).
There was almost no cellular fluorescence in macrophages
pretreated with CK inhibitor 1-fluoro-2,4-dinitrobenzene
(DNFB) or ethylmalonic acid, where CK isomers’ cavity was
blocked.

The recognition of cavities with different sizes by the same
AlEgen inspired the development of a series of derivative
probes for recognizing different proteins using the same
luminogen by changing the targeting moiety. Hanaoka et al.
proposed that the fluorescence of N-alkylated derivatives of
rhodamine, commonly used fluorescence dark quenchers,
could be turned on by restriction of twisted intramolecular
charge transfer (TICT), an effect induced by intramolecular
motion.”””> Density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) calculations
tentatively confirmed the correctness of their hypothesis. To
further verify their theory, a series of molecules were designed
by incorporating the tail of N-Ph rhodamine with an anchor
structure that was used to target the protein (Figure 3c).
HaloTag and SNAP-tag are two common tags used for
covalent labeling inside living cells. HaloTag is an enzyme
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whose active site can be covalently linked to a chloroalkane
ligand to form a mechanically strong bond.”* SNAP-tag is
usually covalently labeled by covalently tagging with an O°-
benzylguanine (BG) derivative with a chemical probe. In this
process, the BG derivative reacts irreversibly with the SNAP-
tag, resulting in the transfer of the functionalized benzyl group
in the BG derivative to a cysteine residue at the active site of
the SNAP-tag, resulting in the formation of a covalently
modified protein.”® Halo Tag and SNAP-tag fluorogenic
probes were developed for targeting specific proteins,
respectively. Docking simulation results revealed that fluoro-
genic probes would be located near the surface of proteins,
effectively suppressing the twisting motion of the xanthene-N
bond. As a result, the fluorescence of these probes was turned
on and showed significant increases upon the addition of
specific proteins (Halo Tag protein and SNAP-tag protein).
After the addition of denaturing agents like 1% SDS or 8 M
urea, the fluorescence intensity showed a huge decrease,
indicating the critical role of protein structure for binding with
fluorogenic probes. Among all these fluorogenic probes, two
NIR fluorogenic probes, Halo rhodamine-4 and SNAP
rhodamine-3, were selected for live cell imaging (Figure
3d,e). They were incubated with HEK293T cells expressing
the Halo Tag or SNAP-tag on the cell surfaces. The
fluorescence imaging showed excellent signal-to-noise ratios
(SNR) without washing out extra probes, and the surface of
the targeting protein-expressing cells was clearly sketched. The
restriction of TICT provides a new strategy for turn-on AIE
probes.

3. STIMULI-RESPONSE SENSING

The living organism is complex and variable. The physiological
environment in an organism changes all the time, and changes
in the environment can affect the activities of organisms.”®*” It
is essential to detect microenvironment changes that happen to
organisms such as polarity, viscosity, pH, and temperature. Up
to now, various AlEgens have been developed for stimuli-
response sensing, which was used to study variation in life
activity.38

Polarity plays a pivotal role in the metabolism of organisms.
Changes in polarity are noted to be associated with
inflammation and cancer.”® However, due to the complexity
of the intracellular environment, the detection of polarity is
difficult, especially at the cellular level. The emission properties
of AlEgens are sensitive to the microenvironment and thus
have been widely utilized for sensing the polarity of the
intracellular environment.*® Bacteria, which exist everywhere in
nature and are related to many diseases, could be divided into
two groups by Gram stain.*” Unlike Gram-positive bacteria,
which are characterized by a thick peptidoglycan layer, Gram-
negative bacteria typically exhibit a much thinner peptidogly-
can layer. Furthermore, an outer membrane is a distinctive
feature of Gram-negative bacteria that sets them apart from
their Gram-positive counterparts. The difference in their
membranes could be shown by the difference in polarity.
Zhu et al. developed a polarity-sensitive probe (TICT-lipid) to
identify the minute difference between the outer and cell
membranes (Figure 4d)."' TICT-lipid exhibited prominent
solvatochromic properties. The emission color transferred
from green to red with the increasing solvent polarity, revealing
its sensitivity to polarity. The authors proposed that the
positive charge and long alkyl chains of TICT-lipid facilitate its
intercalation into the bilayer of bacterial membranes. In the
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Figure 4. Schematic illustration showing the intercalation of TICT-
lipid with (a) Gram-negative and (b) Gram-positive bacteria. (c)
Schematic illustration showing the fluorescence responses of TICT-
lipid to the disruption effect of PMB on the outer membrane of
Gram-negative bacteria. (d) Molecule structure of TICT-Lipid. (e)
Normalized emission spectra of TICT-lipid postincubation with PBS
(gray), E. coli*™" (red), and MRSA (blue). Inset: Photograph taken
under a 365 nm UV lamp (from left to right: PBS, E. coli*™", MRSA).
(f) In situ emission spectra extracted from a panel of the inset. Inset:
fluorescence image of E. coli*™ postincubation with PMB at
concentrations of 4 ug mL™'; scale bar is 10 gm. Reproduced with
permission from ref 41. Copyright 2022 American Chemical Society.
(g) Molecule structure of BODIPY1. (h) Fluorescence images of SH-
SYSY cells, which were pretreated with none, LPS, or nystatin (20
4#M) for 40 min and then treated with BODIPY1 (S uM) for another
30 min; scale bar is S0 ym. Reproduced with permission from ref 50.
Copyright 2022 American Chemical Society.

loosely packed outer membrane of Gram-negative bacteria,
TICT-lipid adopted a highly twisted conformation (Figure 4a).
In contrast, TICT-lipid exhibited a less twisted conformation
in the membrane of Gram-positive bacteria (Figure 4b). To
evaluate the interaction of TICT-lipid with bacterial
membranes, the study employed Gram-negative ampicillin-
resistant E. coli*™ and Gram-positive methicillin-resistant
Staphylococcus aureus (MRSA) as representatives of Gram-
negative and Gram-positive bacteria, respectively. The
emission spectra of TICT-lipid were measured in the presence
of these bacteria (Figure 4e). Compared to phosphate-buffered
saline (PBS), the incubation of TICT-lipid with bacteria made
the emission spectra blue-shifted. The MRSA group exhibited
a more pronounced change (ca. S0 nm) compared to the E.
coli*™" group (ca. 15 nm). Then, TICT-lipid was used to study
the antibacterial mechanism of membrane-disrupting anti-
biotics. PMB, a cationic peptide, was used as a model drug to
disrupt the outer membrane of Gram-negative bacteria. After
treatment by PMB, the outer membrane was broken, and
TICT-lipid in the outer membrane could enter the cell
membrane with a different conformation (Figure 4c). The
difference was observed by in situ emission spectra (Figure 4f).
With the concentration of PMB increased from 0 to 4 ug
mL™}, the fluorescence enhanced and the emission maximum
blue-shifted by ca. 20 nm.

Intracellular viscosity is related to many cell progress, like
ferroptosis,”* autophagy,”’ and apoptosis,"* therefore, the
detection of intracellular viscosity is critical. Fluorescence
imaging exhibits unparalleled advantages compared to tradi-
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tional detection methods like chromatography, electroanalysis,
etc, which require expensive instruments and complex
preparation.”> Among different design strategies of viscosity-
response fluorescence probes, the structure of the molecular
rotor is a crucial point that coincides with the philosophy of
AIE.*® Many AlEgens have been developed to sense
intracellular viscosity.”’~* For example, Shi and Yan et al.
reported a novel AlEgen for imaging lysosomal viscosity.”’
Several probes based on boron dipyrromethenes (BODIPYs)
have been reported for viscosity sensing, depending on the
rotation of meso-groups.”"*” Similarly, they designed a new
molecule (BODIPY1) with a lysosomal targeting group
(Figure 4g). This molecule exhibited an excellent viscosity
response and remarkable AIE properties, making it a valuable
material for imaging applications. Subcellular imaging has
proven its ability to target lysosomes in human neuroblastoma
cells (SH-SYSY cells). After lipopolysaccharide (LPS) or
nystatin was added, BODIPY1 was used for sensing the
difference in intracellular viscosity. BODIPY1 showed weak
emission in low viscous cells but enhanced emission in drug-
treated cells (Figure 4h). Through the change of rotators with
different targeting abilities, AIEgens can be applied for sensing
cellular viscosity in different environments and cells.

pH is an essential parameter in living organisms. Abnormal
intracellular pH is connected with cell apoptosis,”” tissue
acidification,”® and cancer.”® The color changes of pH-
response fluorescence probes in different pH environments
are widely used for intracellular pH sensing. AlEgens, with
good antiphotobleachin% properties, can also be used for
sensing intracellular pH.”>® Tang et al. deve1_07ped dihydrober-
berine (dhBBR) as a pH-response AlEgen.”’ The great AIE
property of dhBBR could be explained by RIV. The nonplanar
conformation of dhBBR in the crystal state made molecular
vibrations possible. The nitrogen atom is the pH-response site,
which is easily protonated in a high-pH environment. The
emission color of dhBBR changes from blue at low pH to
green at high pH (Figure Sa). This property was used for
imaging A549 cells in PBS buffers with different pH. There was
no emission in cells incubated in low pH PBS buffer but strong
green emission when the pH increased to 7.4 (Figure Sb).
Benefiting from its excellent ability for intracellular pH sensing,
dhBBR was well employed for visualizing the semipermeability
of the cell membrane. In addition, compared to Curcumin,
dhBBR exhibited remarkable antiphotobleaching ability after
200 s of irradiation (Figure Sc). AlEgens provide a brighter
and more stable platform for intracellular pH sensing.

Besides pH, temperature is another factor associated with
biological activities.”® All biological activities are accompanied
by a certain amount of heat exchange. Pathological cells can
have higher temperatures due to increased metabolic activity
compared to normal cells.’” It is important to map the
intracellular temperature of living cells to detect abnormal
areas. Fluorescent thermometers have been developed in the
past few years. AIE thermometers attracted great attention
attributed to their photostability and biocompatibility.’”*’
Mukhopadhyay, Bauri, and De et al. revealed the photophysical
characteristics of well-known thermoresponsive poly(N-vinyl-
caprolactam) (PNVCL).®> PNVCL showed appealing temper-
ature-dependent phase transition behavior, which is due to the
broken hydrogen bonding between the C=O groups and
water molecules (Figure 5d). The stable hydrogen bonding
formed PNVCL chains into stretched conformations in water.
When the temperature increased up to 38 °C, hydrogen bonds
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Figure S. (a) Schematic illustration of dhBBR’s fluorescent response
to pH change. (b) Fluorescence images of AS49 cells stained with
dhBBR (1 uM) in PBS buffer with different pH values for 30 min;
scale bar is 10 ym. (c) Fluorescence images of HeLa cells stained with
dhBBR (1 #M) and curcumin (1 gM) after 200 s of light irradiation;
scale bar is 10 pm. Reproduced with permission from ref 57.
Copyright 2020 the Royal Society of Chemistry. (d) Synthesis of
PNVCL and its thermoinduced conformational transformation. (e)
Fluorescence images of MCF-7 cells labeled with PNVCL (250 ug
mL™) at 25 and 38 °C for 24 h; scale bar is 10 um. (f) Fluorescence
images of MCF-7 cells after incubating with 500 ug mL™" PNVCL for
different time intervals at 38 °C; scale bar is 10 ym. Reproduced with
permission from ref 62. Copyright 2020 the Royal Society of
Chemistry.

would be broken, and PNVCL chains would form clusters
according to hydrophobic interaction. Different from previous
work, the authors focused on the photophysical characteristics
of PNVCL. The emission of PNVCL enhanced with an
increasing polymer concentration in both THF and water,
showing AIE properties. PNVCL also exhibited red-shifting of
emission maximum with the increase of excitation wavelength.
Without any conventional chromophores, this phenomenon
could be explained by the clustering-triggered emission (CTE)
mechanism.®*®* Clusteroluminescence is a prevalent phenom-
enon observed in nonconventional luminogens that contain
heteroatoms with a lone pair of electrons or specific
functionalities, such as C=C, C=0, and C=N.** In the
case of PNVCL, the nonconventional chromophore moiety,
specifically C=0O groups with 7-electrons or a lone pair of
electrons and N atoms with a lone pair of electrons of one
cyclic amide, come into close proximity with another amide to
form an aggregated cluster. This clustering leads to
chromophores that exhibit effective through-space electronic
communication, resulting in extended electron delocalization
and a rigidified conformation. The rigidity of the molecular
conformation restricts vibration and molecular rotation,
effectively suppressing nonradiative relaxation. As a result,
the polymer exhibits significant emission upon irradiation in
the aggregated state. PNVCL was used to sense the
intracellular temperature of the MCEF-7 cells. When the
temperature increased from 25 to 38 °C, the fluorescence
was significantly enhanced in all three channels (blue, green,
and red) (Figure Se). In addition, with increasing incubation
time ranging from 4 to 24 h, the fluorescence from MCE-7
cells increased under the green channel (Figure Sf). The
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Figure 6. (a) Molecule structure of CSMPP. (b) Fluorescence images of HeLa cells with 200 nM LysoTracker Red (LTR) for 10 min and then
costained with 2 yM CSMPP for 10 min. Fluorescence images of (i) CSMPP; (ii) LTR; (iii) merged (a) and (b); scale bar is 10 ym. (c)
Fluorescence image of the whole body of the medaka larva after being fed with CSMPP for 4 h; scale bar is 1 mm. (d) Fluorescence images of the
medaka larva’s caudal fin before amputation and after amputation at different times (12, 24, 48, 96, and 120 hpa); scale bar is SO ym. Reproduced
with permission from ref 70. Copyright 2020 Royal Society of Chemistry. (e) Molecule structure of CDPP-NCS. (f) Fluorescence image of
RAW264.7 macrophages incubated with CDPP-NCS labeled S. aureus (red) at different times. [CDPP-NCS] = 10 uM; [Hoechst 33342] = 1 uM;
scale bar is 10 ym. (g) Fluorescence image of CDPP-NCS labeled S. aureus (red) and lysosomes (green) stained with LysoTracker Green (LTG)
after incubation for 6 h and the fluorescence intensity profiles in the yellow arrow from the image; scale bar is 10 ym. (h) Fluorescence image of
CDPP-NCS labeled S. aureus (red) and lysosomes (green) stained with MitoTracker Green (MTG) after incubation for 6 h and the fluorescence
intensity profiles in the yellow arrow from the image; scale bar is 10 ym. Reproduced with permission from ref 74. Copyright 2022 Elsevier.

coincubation results with DAPI (a commercial cell nucleus
tracker) also indicated PNVCL localized in the cytoplasm
without any transfer.

4. LONG-TERM TRACKING

Besides sensing the physiological environment in organisms,
long-term tracking of biological activities could reveal more life
information and provide a platform for in-depth biological
study.”® Benefit to strong antiphotobleaching ability, intense
fluorescence, and great biocompatibility, AIEgens are excellent
candidates for in vivo long-term tracking, and monitorin
dynamic progresses of biological activities over a long period.®

Tissue regeneration is one of the common processes in living
organisms.”” To study this important phenomenon, many
vertebrate genetic models have been used for tissue
regeneration. Among them, zebrafish and medaka show good
regeneration ability and are suitable for living imaging.®**’
Kwok, Wang, and Tang et al. developed an AIE probe for
monitoring the tissue regeneration of medaka.”” (Z)-3-(4-(4-
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Methylpiperazin-1-yl) phenyl)-2-(4-(pyridin-4-yl)phenyl)
acrylonitrile (CSMPP) was synthesized as a new AIE probe
(Figure 6a). The AIE characteristics could be observed in
acetonitrile/water mixtures, and the enhanced emission also
appeared with the increase of viscosity. In addition, two
protonated sites, the N-methyl-piperazinyl group and the
pyridinyl group, endorsed CSMPP pH-response ability. The
fluorescence of CSMPP changed from red to yellow and then
to green when the pH increased from 3.45 to 6.80. The
response was independent of common chemical species in
living systems, such as glucose and natural amino acids. In vitro
cell imaging found the targeting ability to the lysosome of
CSMPP (Figure 6b). The emission of LysoTracker Red (LTR)
and CSMPP overlapped well in costaining experiments, and
the Pearson correlation coefficient was 0.92. Moreover, the
whole body of the medaka larva could be lit up after feeding
with CSMPP for 4 h (Figure 6¢). Photostability is also one of
the essential requirements for long-term tracking. The good
photostability of CSMPP had been confirmed by more than
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80% fluorescence signals kept after 100 sequential scans. The
caudal fin regeneration of the medaka larva was visualized by
tracking the pH of the lysosome (Figure 6d). After amputation,
the pH decreased and reached a minimum during 24—48 h
postamputation (hpa), then increased to an almost normal
level when the regeneration progress was about to end (120
hpa). Stimuli-response AlEgens have made a leap from static
detection to dynamic monitoring.

Besides the macro life process, microbiological activities
could also be tracked by AlEgens. Bacterial invasion is one of
the causes of human diseases.””’> A study on immunocyte—
microbe interactions is significant for the development of
antimicrobial methods and medicine.”® At the early stage of an
immune response upon bacterial invasion, the macrophage is
the main immunocyte. To visualize the interaction between
macrophages with bacteria, Zhao and Tang et al. developed a
clickable AIEgen (CDPP-NCS).”* It had both a targeting
group and a click-reactive moiety (Figure 6e). The cationic
pyridinium group was able to drive CDPP-NCS to bacteria,
and the NCS moiety could combine with amine moieties on
the surface of bacteria through a click reaction. The
effectiveness of click reaction between CDPP-NCS and
amine in biomolecules was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
the great bacteria staining ability was observed with high SNR.
Excellent antiphoto bleaching ability had been proven
compared to commercial dye FM4—64FX. The bacteria
engulfed process by macrophages was visualized by fluo-
rescence imaging (Figure 6f). CDPP-NCS labeled bacteria
were ingested by macrophages gradually with no fluorescence
escaping to cells, indicating the stability of the covalent
coupling between CDPP-NCS and bacteria.

The co-staining experiments were conducted to study the
interactions between engulfed bacteria and lysosomes or
mitochondria. After CDPP-NCS labeled bacterial and macro-
phages were incubated for 6 h, the green fluorescence signal
from lysosomes overlapped with the red one from bacteria,
indicating that phagosomes containing engulfed bacteria will
fuse with lysosomes (Figure 6g). On the other hand, the green
fluorescence signal from mitochondria gradually moved close
to the red one (bacterial), which verified the theory that
mitochondria would approach phagosomes to deliver reactive
oxygen species (ROS) (Figure 6h).”° AlEgens work as
powerful tools for the interaction among cells, bacteria,
fungi, and viruses.

Cell populations are combined with various cells to conduct
biological activities as a coordinated system. Many studies
about lmng cell populations were based on in vitro cell
culture.”® However, an in vitro cell study could not reveal the
real information in vivo since cells have been separated from a
complex natural environment, which is difficult to achieve
artificially. Fluorescence can visualize real-time cell activities
during biological processes in vivo.”” For example, Zheng and
Tang et al. developed an AlEgen (TPE-PyNj,) for real-time
imaging of cell behaviors.”® The pyridinium group enabled
TPE-PyNj to target mitochondria (Figure 7a). The mitochon-
dria in cultured cells could be lit up after incubating with TPE-
PyN; for only S min with a higher SNR compared to
MitoTracker red (MTR) for 15 min (a commercial dye; Figure
7b). The potential for long-term tracking was confirmed by
comparing it with a commercial dye 5-chloromethylfluorescein
diacetate (CMFDA). The fluorescence of TPE-PyNj in living
cells could remain for multiple generations (Figure 7c). In
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Figure 7. (a) Molecule structure of TPE-PyN3. (b) Merged image of
HeLa cells stained with TPE-PyN; and MitoTracker red FM; scale
bar is 30 ym. (c) Fluorescent images of TPE-PyN3 or CellTracker
Green CMFDA-stained HeLa cells at various passages; scale bar is 30
pum. (d) Tail rudiment of a living zebrafish embryo stained with TPE-
PyN3 in different groups; scale bar is 300 ym. Reproduced with
permission from ref 78. Copyright 2016 Wiley-VCH.

living zebrafish embryos, the surface of the whole embryo
could be stained by TPE-PyNj; and the fluorescence could be
retained for as long as 60 h under physiological conditions.
The long-term tracking of cell apoptosis was achieved in living
zebrafish. Cadmium sulfate and staurosporine are two agents
which could cause cell apoptosis. After being treated with these
two drugs, the fluorescence in TPE-PyNj; stained zebrafish
almost disappeared (Figure 7d), indicating the onset of
apoptosis, when the membrane potential of mitochondrial
decrease led to the escape of TPE-PyN; from mitochondrial.

5. NIR IMAGING

The fluorescent dyes whose emission wavelength usually locate
in the visible light region are limited by background
autofluorescence of biomolecules, poor tissue penetration,
and biological photodamage.”” Fluorescent materials with NIR
emission, especially the NIR-1I emission (1000—1700 nm), can
avoid autofluorescence 1nterference, deepen imaging depth,
and minimize energy loss.*” Quantum dots and carbon dots
have been used as NIR fluorescence probes for in vivo imaging.
However, they encounter several common weaknesses, such as
high cytotoxicity, obvious photobleaching, and low cellular
retention. In addition, organic molecules with NIR emission
usually require a large conjugate structure, which indicates easy
ACQ and low brightness. SI NIR AlEgens stand out from them,
with high brightness and biocompatibility. Many molecules in
the aggregate state could make emissions more stable and
brighter. Characteristics of small organic molecules make them
low cytotoxicity and excellent cellular retention.*

The brain is the control center of biological activities, also
related to multiple diseases like Alzheimer’s disease and
Parkinson’s disease.*”** As the fundamental of study on brain
structure, brain imaging is obviously significant.*> NIR light,
which could image brain structure in depth with its great tissue
penetration, has achieved fruitful achievement.””*’ To
construct AlEgens with NIR emission for brain imaging, D-A
structures are widely used and could extend the emission
wavelength of organic molecules. Tang and Qian et al
designed a NIR emission AlEgen DCBT (Figure 8a) with
three-photon fluorescence (3PF) characteristics, which could
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Figure 8. (a) Molecule structure of DCBT. (b) Typical bright field
pictures of the mouse brain vasculature before and after skull clearing;
scale bar is 1 mm. (c) Reconstructed 3D imaging of the neuron-vessel
dual channel from 0 to 600 ym depth; scale bar is 100 um.
Reproduced with permission from ref 86. Copyright 2022 Elsevier.
(d) Molecule structure of acceptor, donor 1, and donor 2. (e) Two-
photon fluorescence image (left) and fluorescence lifetime image
(right) of mouse brain—blood vessels at a depth of 100 ym; scale bar
is 100 and SO um. (f,g) Plots of pixel intensity across the capillaries
(marked with a yellow line) in the image of (e); horizontal
coordinates: position (um). Reproduced with permission from ref
89. Copyright 2022 Wiley-VCH.

be excited by long-wavelength excitation light with low tissue
scattering.”® The mouse skull, which is the protection of the
cortex, shows strong scattering. Compared to other tech-
nologies applied to avoid scattering of skulls, in vivo skull
optical clearing (SOC) technique, which could create a
transparent window by using several chemical agents in the
skulls of mice, is safer and more repeatable.”” To avoid
absorption of H,O in the NIR region, the authors used D,0O as
a substitute (Figure 8b). The 3PF imaging of brain vasculature
could reach 1000 ym after SOC treatment. Neurons at the
neocortex layers were also imaged at a depth of 600 pm
(Figure 8¢).

The D-A structure could red-shift the emission by strong
intramolecular charge transfer (ICT). In addition, through-
space charge transfer, which occurs in the complexes of donors
and acceptors, could also induce the red-shift of emission.®®
Qian, Chen, and Tang et al. achieved NIR emission by simply
encapsulating acceptors and donors in nanoparticles (NPs).*
2,3,7,8-Tetraphenylpyrazino|2, 3—g]quinoxaline was chosen as
the acceptor, at the same time, TPA and N-methyl-N-
phenylaniline were selected as two different donors (Figure
8d). The obtained complexes showed excellent two-photon
NIR fluorescence. Theory calculation results showed an
obvious through-space charge transfer between donors and
acceptors. The twisted conformation of donors and acceptors
induced weak 7---7r stacking, which is the cause of ACQ. Both
fluorescence imaging and fluorescence lifetime imaging could
be observed with high resolution and good contrast using the
NPs (Figure 8e). Capillaries are clearly visible in the NIR
images. Similar blood vessel widths were measured as 4.3 and
47 pm separately (Figure 8f, g), indicating uniform
morphology of the capillaries in brain tissue. Bright emission
promises AlEgens great imaging ability in deep tissue in the
NIR region.
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Chemiluminescence (CL) imaging can avoid autofluores-
cence interference and photodamage caused by thermal effects
without using excitation light. High SNR has been achieved in
imaging immunoassays and tumors using CL.””"! In vivo NIR-
II imaging was greatly improved through CL, which could be
accomplished by cascade chemiluminescence resonance energy
transfer (CRET) and Forster resonance energy transfer
(FRET). Fan and Zhang et al. encapsulated chemiluminogens
and two AlEgens, which possess overlapped emission and
absorption regions, in nanoparticles to construct a cascade
CRET and FRET system.”” Once encountered with ROS, the
CLgens would be excited and transfer energy to BTDS540 (red
emission) and then to BBTD700 (NIR-II emission). They
realized high-contrast NIR-II imaging of immunoassays,
compared with fluorescence, on living mice by using this
system. Zhang and Tang et al. greatly improved the quantum
yields (QYs) of NIR-II PL and CL by adjusting the donor of
AlEgens (Figure 9a).”” TPE-BBT exhibited a higher QY than
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Figure 9. (a) Schematic illustration of strategies for NIR-II
bioimaging. (b) Schematic illustration of chemiluminescence imaging
of the arthrosis in mice (up) and in vivo NIR-II CL imaging using
0.66 mg of TPE-BBT (line 1) and TPA-BBT (line 2) CLNPs after
injection for 2 min (down); scale bar is 10 mm. (c) In vivo NIR-II CL
imaging of TPE-BBT (up) and TPA-BBT (down) CLNPs of arthrosis
inflammation at different postinjection times, respectively. Scale bar:
10 mm. Reproduced with permission from ref 93. Copyright 2022
American Chemical Society.

TPA-BBT in the crystalline state, as a result of its stronger
intermolecular interactions. Calculation results also show the
weaker electron-donating ability of the TPE moiety than that
of the TPA moiety, indicating the reduction of the dark TICT
effect and increase of QY. The PLNPs of TPE-BBT performed
well for blood vessel imaging, with the highest signal-to-
background ratio (SBR) compared with TPA-BBT and
indocyanine green (ICG). The performances of TPE-BBT
and TPA-BBT for arthrosis inflammation imaging were
observed in CLNPs. TPE-BBT CLNPs showed higher CL
intensity after the injection for 2 min (Figure 9b). TPA-BBT
CLNPs show good imaging ability for long-term tracking. On
the other hand, higher quality CL imaging of TPE-BBT was
observed, which could persist for even 62 min with an SBR
larger than 10 (Figure 9c). CL AlEgens enable further
improvement in the clarity and contrast of the NIR imaging.

6. SUMMARY AND OUTLOOK

In the last two decades, we have witnessed a boom in the
number and structural diversities of AlEgens developed by
scientists around the world.”* The emission wavelength of
AlEgens covered the full visible wavelength range and further
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extended to the NIR region in bioimaging. AIEgens have been
successfully applied at different levels, from biomolecule
detection to organelle-targeted cell imaging, from live imaging
of small animals to senior primates (Scheme 2). This Review
summarizes recent progress on various types of AlEgens for
bioimaging, including turn-on imaging, stimuli-response
sensing, long-term tracking, and NIR imaging. The advantages
of AlEgens in the field of bioimaging are summarized:'
AlEgens show prominent turn-on characteristics in the
physiological environment since the change from a single
molecule state to the aggregate state;” high brightness and anti-
photobleaching ability in the aggregate state endow AIEgens
with excellent SNR and potential for long-time imaging;’
various emission colors and responses to different stimuli can
be achieved by adjusting the molecular structure.

Despite numerous achievements in the field of bioimaging,
there are several possible new opportunities to be explored:"
Besides bright fluorescence, room temperature phosphores-
cence (RTP) could also be achieved in AlEgens. Most of the
aggregation-induced phosphorescence luminogens (AIPgens)
with RTP characteristics were developed for emergency
lighting and anticounterfeiting, but very few were applied for
bioimaging.'’® The long emission lifetime of RTP materials
enables stable afterglow signals, which provide possibilities to
avoid autofluorescence of organisms and achieve high-quality
bioimaging.2 Some AlEgens can generate ROS upon
irradiation, which would further trigger some biological
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activities like apoptosis. However, detection of the ROS-
triggered process is still unexplored. Therefore, it is of great
interest to develop new AlEgens which can generate ROS and
simultaneously track the subsequent biological processes.’

Some AlEgens have been commercialized for bioimaging, yet
clinical a:})plications still have a long way to go due to biosafety
issues.’ On the other hand, several examples of vessel
imaging of nonhuman primates have been reported as a first
;ltlep tolg\lard clinical diagnosis and surgical navigation in the

ture.
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B LIST OF ABBREVIATIONS

ACQ Aggregation-caused quenching
AIE Aggregation-induced emission

AlEgen  Aggregate-induced emission luminogen

AlPgen  Aggregation-induced phosphorescence luminogen
BG O6-benzylguanine

BODIPY Boron dipyrromethene

BSM Benzothiadiazol-7-ylidene malononitrile

CK Creatine kinase

CL Chemiluminescence

CMFDA 5-Chloromethylfluorescein diacetate
COTh  Cydooctatetrathiophene
CRET Chemiluminescence resonance energy transfer

CSMPP  (Z)-3-(4-(4-Methylpiperazin-1-yl) phenyl)-2-(4-
(pyridin-4-yl) phenyl) acrylonitrile
CTE Clustering-triggered emission

DFT Density functional theory

DMSO  Dimethyl sulfoxide

DNFB 1-Fluoro-2,4-dinitrobenzene

E. coli Escherichia coli

FRET Forster resonance energy transfer
hpa Hours postamputation

ICT Intramolecular charge transfer
LD Lipid droplet

LPS Lipopolysaccharide

LTG Lysotracker Green

LTR Lysotracker Red

MD Molecular dynamics

MRSA  Methicillin-resistant Staphylococcus aureus
MTG Mitotracker Green

MTR Mitotracker red

NIR Near-infrared

NP Nanoparticle

PBS Phosphate-buffered saline

PNVCL Poly(N-vinylcaprolactam)

QY Quantum yield

RIM Restriction of intramolecular motion
RIR Restriction of intramolecular rotation
RIV Restriction of intramolecular vibration
ROS Reactive oxygen species

RTP Room temperature phosphorescence
SBR Signal-to-background ratio

SNR Signal-to-noise ratios

SOC Skull optical clearing

TD-DFT Time-dependent density functional theory
TICT Twisted intramolecular charge transfer
TPA Triphenylamine

TPE Tetraphenylethylene

B VOCABULARY

Aggregation-induced emission: fluorescence molecule
achieves the change from no-emission to bright emission
through aggregation process

Visualization: use of a strategy to make things that cannot be
seen directly by the naked eye visible

Turn-on imaging: strategies for achieving luminescence
turn-on in organisms

Stimuli-response sensing: environmental detection through
response to stimuli

Long-term tracking: monitoring of biobehavior for a long
time

NIR imaging: imaging using near-infrared fluorescence
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