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Noncancerous diseases include a wide plethora of medical conditions beyond cancer and are a major cause of
mortality around the world. Despite progresses in clinical research, many puzzles about these diseases remain
unanswered, and new therapies are continuously being sought. The evolution of bio-nanomedicine has
enabled huge advancements in biosensing, diagnosis, bioimaging, and therapeutics. The recent development of
aggregation-induced emission luminogens (AlEgens) has provided an impetus to the field of molecular
bionanomaterials. Following aggregation, AlEgens show strong emission, overcoming the problems associated
with the aggregation-caused quenching (ACQ) effect. They also have other unique properties, including low
background interferences, high signal-to-noise ratios, photostability, and excellent biocompatibility, along with
activatable aggregation-enhanced theranostic effects, which help them achieve excellent therapeutic effects as
an one-for-all multimodal theranostic platform. This review provides a comprehensive overview of the overall
progresses in AlEgen-based nanoplatforms for the detection, diagnosis, bioimaging, and bioimaging-guided
Received 21st October 2022 treatment of noncancerous diseases. In addition, it details future perspectives and the potential clinical
DOI: 10.1039/d2¢s00610¢ applications of these AlEgens in noncancerous diseases are also proposed. This review hopes to motivate
further interest in this topic and promote ideation for the further exploration of more advanced AlEgens in a
rsc.li/chem-soc-rev broad range of biomedical and clinical applications in patients with noncancerous diseases.
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1. Introduction

Noncancerous diseases encompass a long list of diseases
beyond and unrelated to cancer," such as neurodegenerative
diseases,” metabolic diseases,® autoimmune diseases,* cardio-
vascular diseases (CVDs),” orthopedic diseases,® infectious
diseases,” inflammatory diseases,® mental disorders,” and
various kinds of rare diseases. In addition to cancer, accidents
and natural disasters, these diseases are responsible for the
majority of death around the world."® Thus, they pose a heavy
burden and serve as a serious threat to the public health,
quality of life, and also social development." Throughout the
history of medicine, researchers and clinicians have made
significant efforts in order to exploit effective strategies and
treat various diseases. The goal has been to use advancements
in diagnosis and imaging technologies, drugs, to therapeutic
biomedical devices in order to improve treatment outcomes
and give patients a better, healthier life. Although great
progresses has been achieved, the therapeutic outcomes are
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still far below expectations in most cases. Moreover, for some
diseases, little progress has been made and the research is in its
infancy. Therefore, there is still an extremely urgent need for
additional efforts geared toward the development of more
effective strategies for the treatment of human diseases.
Pathological processes are usually characterized by an
abnormal amplification of specific DNA copies, expression
and modification of specific proteins, secretion of cytokines,
and the resultant cascades that reformed the physiological
environment.'"'? Strategies for the detection, diagnosis, bio-
imaging and treatment of diseases are based on these known
aberrations in cellular components and structures. At present,
surgery and chemotherapy focused on a specific target remain
the primary methods for the treatment of noncancerous diseases.
In chemotherapy, clinical drugs used for disease treatment are
usually small molecule drugs, which shows a lot of shortcomings,
including their poor targeting capability, very short retention time
at the site of disease, rapid clearance rates, and systemic side
effects, among others. Thus, novel drugs that provide better
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therapeutic outcomes are a key pursuit in clinical practices.
Fortunately, with the development of multiple disciplines, including
biology, medicine, chemistry, and physics, bio-nanomedicines
that have many advantages over small molecule drugs have
been developed and also innovated the ways of drug delivery.
For example, Doxil received the approval from the US Food and
Drug Administration (FDA) for the treatment of advanced
ovarian cancer, multiple myeloma, and HIV-associated Kaposi’s
sarcoma. Since then, bio-nanomedicine has received much
attention from the research community, and hundreds of
nanomedicines are being explored in clinical trials while some
have already been approved. In the past few decades, develop-
ments in multidisciplinary science have enabled the design and
fabrication of many novel nanomaterials, which have been
rapidly developed and applied to create therapeutic modalities
in a range of diseases, these nanomaterials include colloidal
gold, liposomes, graphene, two-dimensional nanomaterials,
perovskites, hydrogels and so on. At the same time, owing to
the evolution of clinical practices, the focus has shifted to more
precise clinical management, including the detection, diagnosis,
bioimaging, and bioimaging-guided therapeutics. This branch of
precise treatment is called theranostics.
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So far, the most popular agents for disease detection and
imaging have been traditional fluorescent dyes or probes, these
probes allow the real-time monitoring of biological processes in a
non-invasive manner, and the colour and intensity of fluorescence
provide the information of physiological alterations under patho-
logical conditions. However, these aberrant biological molecules
often in aggregated state, leading to aggregation-caused quench-
ing (ACQ) of traditional fluorescent dyes or probes. As a result,
they can only be used up to a certain range of concentrations,
resulting in a reduction in their broader applications for disease
detection and treatment. Moreover, these fluorescent dyes and
probes cannot serve as effective therapeutic agents, in another
word, the less totipotency of these detection and imaging fluor-
escent agents required more complicated and rational designs for
the as-expected outcomes in the treatment of noncancerous
diseases.

However, given the current scenario, nanomaterials with
multifold potential in detection, diagnosis, bioimaging and
bioimaging-guided therapeutics appear to be necessary tools
in bio-nanomedicine and warrant further clinical exploration.
In 2001, Prof. Ben Zhong Tang discovered the aggregation-
induced emission (AIE) effect that was opposed to the ACQ
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Fig. 1 Molecular mechanism of AlEgens. (A) Molecular structures and photographs of a typical ACQ molecule (perylene) and (B) an AIE molecule
(hexaphenylsilole, HPS). (C) Schematic of the AIE mechanism of the restriction of intramolecular motion (RIM). Adapted with permission from ref. 14.

Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

effects—in molecules called AIE luminogens (AIEgens) (Fig. 1A
and B)."®' Unlike other molecules, AlEgens show no light
emission when present as individual molecules, when present
in concentrated solution or solid states, resulting from reduced
intramolecular motions (RIMs), and prevent radiative decay
while enhancing nonradiative decay, which induces significant
changes of the perception towards conventionally used

This journal is © The Royal Society of Chemistry 2023

photophysical phenomena of the scientific community and
displays significant suppression of harmful n-n stacking in
the limited space of nanoparticles (Fig. 1C)."* Thus, AlEgens
have been proven to be more advantageous than traditional
fluorescent probes."™

Over the past 20 years, countless studies have proved that
AlEgens possess high photostability, large Stokes shifts, high
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signal-to-noise ratios (SNRs), high quantum yields (QYs),
tunable emission properties and excellent biocompatibility.
More importantly, they do not exhibit any ACQ effects.'®
Following the discovery of AlEgens, their applications as novel
disease therapeutic agents have expanded, and industrial
and other smart applications have expanded rapidly.'”>"
Importantly, AIEgens can be generated using chemical synth-
esis or be obtained from natural products, and they thus show
high biosafety and biocompatibility.*>** Moreover, a database,
named ASBase of AlEgens, has been built for public.>* Recently,
AlEgens have also been proven to be developed with a parti-
cular shape.”® Until now, a variety of AlEgens have been
synthesized and applied for the detection, diagnosis, bioimaging,
and bioimaging-guided therapy of noncancerous diseases
upon rational designs and functionalized strategies.*®®
However, although several studies and reviews have focused
on the AlEgen-based intelligent detection, imaging, or therapy
of cancer,?®?°73? a broad review of their value in noncancerous
diseases has so far been lacking.**’

In this review, we provide a comprehensive account of
the detection, diagnosis, bioimaging and bioimaging-guided
treatment of noncancerous diseases based on AIEgens
(Scheme 1). This review is divided into four sections based on
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the classification of noncancerous diseases. AlEgen-based operation
mechanisms and their rational design for detection and diag-
nosis are introduced first, followed by bioimaging application
and the evaluation of pathological alterations in noncancerous
diseases. Subsequently, the bioimaging-guided therapies for
noncancerous diseases with various therapeutic modalities are
demonstrated. In every section, the advantages and discussion are
further elaborated based on the relevant applications. Finally,
future outlooks and expected hurdles in this field of AlEgens are
highlighted. Understanding and appropriately applying AIEgens
could open up endless opportunities for diagnostic and disease
management and promote the development of other kinds of bio-
nanomedicines. This review seeks to offer fresh insights into the
development of novel AIEgen-based multimodal therapeutic plat-
forms for modern clinical applications.

2. Smart AlEgens for noncancerous
disease detection and diagnosis
At present, diseases are primarily named based on the WHO

International Classification of Diseases, 11th version (ICD-11), in
which the definite names of diseases arise from their etiology,
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Scheme 1 The schematic diagram of noncancerous disease-targeting AlEgens.
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pathology, parts of the body involved, clinical manifestations,
etc. Therefore, there is a lack of unified criteria for disease
classification. Here, in this review article, we classified noncan-
cerous diseases into infectious diseases, wounds or injuries,
metabolic diseases, CVDs, neurodegenerative diseases, orthopedic
diseases, surface organ-associated diseases, inflammatory dis-
eases, mental disorders, autoimmune diseases, and diseases of
senescence. Each category contains a host of specific diseases.

During disease progression, there are biological alterations,
including the changes in the phenotype and biological molecules.
These alterations can thus be observed based on the identified
biomarkers for the diagnosis and detection of certain diseases.
In some cases, the biomarkers can also serve as therapeutic
targets. For example, Alzheimer’s disease (AD) is characterized
by enhanced expression of the Tau protein and amyloid B-peptide,
which is also the target for various therapeutic strategies.*® Based
on the current knowledge, detection and diagnosis not only help
in diagnosing the diseases but also in monitoring the evaluation
of disease courses and effectiveness of treatment. Thus, sensitive
and specific tools for that are convenient to use and with high
accuracy are urgently warranted for detection and diagnosis.
Generally, the methods of disease detection and diagnosis involve
the biopsy, imaging, and their combination. So far, fluorescent
probes have been the most frequently used agents for disease
diagnosis due to their high compatibility and ability to provide
information on pathological processes instantly and non-
invasively. However, owing to a poor SNR caused by high back-
ground signals, the sensitivity of fluorescent probes is still far
from expectation. Moreover, the fluorescence is not present for a
long-term, and when used in high concentrations, the probes
exhibit light-off effects, thus not providing any target information.
The previous described advantages of AlEgens have sparked a
promise for applications in disease detection and diagnosis.*>***>*°
Moreover, AIEgens show no emission as single molecules and
instead show strong emissions following aggregation, which
guarantees a higher resistance to photobleaching and better
photostability, higher signal reliability and low background
signals. Thus, they can be used as “light-up” molecules for
disease detection and diagnosis according to the alteration of
their biological contents and reflected by the colour and
intensity of fluorescence. Meanwhile, cationic and anionic
AlEgens can identify the target molecules or cells with excellent
selectivity and long term supervision upon rational design.*'™*
Furthermore, the light-up AIEgen probes are more attractive for
the monitoring of biological alterations due to their wash-free
operations.*®*” Therefore, in this section, we summarize the
detection and diagnosis of various noncancerous diseases
using smart AIEgens.

2.1 Infectious disease detection and diagnosis

Infectious diseases, including malaria, pestis, severe acute
respiratory syndrome (SARS), smallpox, dengue, HIN1 influenza,
Middle East respiratory syndrome, Ebola, coronavirus disease
2019 (COVID-19), monkeypox and so on, are critical threats
to populations of all ages.**° Several factors have promoted
the emergence of neo-pathogenic microorganisms and the

This journal is © The Royal Society of Chemistry 2023
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re-emergence of infections. Infectious agents strongly inhibit
the biological immune system, reducing the anti-infection capa-
city of the body and inducing a cascade of symptoms or even
death, which has created a great threat to human life and
caused great losses owing to their rapid spread and high severity
and several of these diseases have caused global social and
economic disruptions.’” Generally, most infectious diseases are
caused by pathogenic microorganisms and viruses. Although
effective strategies exist for curing the diseases, including drug
treatment, actions that mitigate the spread of infection (for
example, by cutting off the spreading route or transmission)
are the most effective methods for nipping the infectious dis-
eases in the bud. These steps are retrospective, however, and
cannot prevent the deterioration at an early stage. In infectious
diseases, the symptoms are non-isotropic and include the
degeneration and necrosis of infected cells, formation of virions,
exudative reactions, hemorrhagic lesisons, and increases in cyto-
kine levels. Unfortunately, clear biomarkers and efficacious stra-
tegies for the early diagnosis and detection of infectious diseases
are currently unavailable. To date, many methods and tools have
been developed for the diagnosis and detection of pathogenic
microorganisms causing specific infectious diseases,”>™® these
include bacterial culture, polymerase chain reaction (PCR), gene
microarray, high-throughput sequencing (HTS), target-specific
immunoassays, etc.”””® However, unfortunately, these methods
are not very accurate, time-consuming and expensive. Up to now,
the detection and diagnosis of infectious diseases have been the
hottest fields of the AlEgen-based science community.**>°

2.1.1 Bacterial disease detection and diagnosis. Due to the
abundant diversity of bacteria, the precise detection and diagnosis
of bacteria are crucial and important in infectious diseases of
many fields involved in clinics, food safety and so on. As men-
tioned above, fluorescent probes is an effective alternative method
for the detection and diagnosis of bacterial diseases. With the
advantages such as fast responses, superior sensitivity and sim-
plicity, fluorescent probes are promising tools for pathogen
detection and disease diagnosis. For instance, Xing and collea-
gues constructed a unique dual wavelength NIR cyanine-dyad
molecular probe (HCy5-Cy7) for detecting bacterial infections
since the infection is characterized by an increase in the content
of reactive oxygen and nitrogen species (RONS), which leads to
fluorescence at 660 nm due to the oxidation of the reduced HCy5
moiety to Cy5. Moreover, peroxynitrite (ONOO ™) and hypochlorous
species (HCIO) degraded Cy7 to turn on fluorescence emission
at 800 nm.*° However, similar to other fluorescent probes, this
probe also suffers from key drawbacks such as the ACQ effects
and the short wavelength that does not allow the examination
of deeper tissues. Under these circumstances, AlEgens offer
overwhelming advantages over traditional fluorescent probes
owing to their high photostability, sensitivity, and selectivity in the
detection of infections caused by pathogenic microorganisms,
including bacteria, fungi and viruses.**®'™® Thus, the rapid
detection and quantification of various bacteria are vital in many
fields. To achieve this goal, Tang and Wu developed a series of
sensor arrays based on tetraphenylethylene (TPE) derivatives.
Each sensor array comprised three TPE-based AIEgens bearing a

Chem. Soc. Rev,, 2023, 52,1024-1067 | 1029
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cationic ammonium group and different hydrophobic substitu-
tions to provide tunable log P (n-octanol/water partition coefficient)
values, which ensured the different multivalent interactions with
different pathogens and specific fluorescence signals (Fig. 2A). In
the sensor array, seven TPE-ARs (TPE-AMe, TPE-AEt, TPE-APrA,
TPE-ABu, TPE-ACH, TPE-ABn and TPE-AHex) were synthesized that
showed a typical absorption peak at 313 or 314 nm and a typical
emission at 476 nm. When these TPE-ARs were applied to seven
targeted pathogen microorganisms, S. aureus, penicillin-resistant
S. aureus (S. aureus®), E. faecalis, E. coli, ampicillin-resistant E. coli
(E. coli®), P. aeruginosa and C. albicans, the TPE-Ars exhibited
obvious changes of fluorescence intensity and fluorescence
response speed due to the diverse self-assembly behavior of TPE-
Ars that enriches the interactions of TPE-ARs with pathogens
(ClogP values: 3.426 to 6.071), but only a little change on the
maximum emission wavelength (Fig. 2B). Based on the diverse
responses, the as-prepared seven TPE-ARs given 17 combinations
that were constructed for sensor arrays and analyzed using the
linear discriminant analysis (LDA), in which the fluorescence
pattern of pathogens was transformed to a 2D canonical score
(Fig. 2C). Furthermore, to enhance the compromised sensitivity
and accuracy of TPE-ARs, three groups of different hydrophobilities
were introduced to AlEgens for fabricating the competent sensor
arrays that included TPE-AMe, TPE-ABn and TPE-AHex; TPE-AEt,
TPE-ACH and TPE-ABn; and TPE-ACH, TPE-ABn and TPE-AHex,
which augmented the diversity in the fluorescence response pat-
terns to the high detection accuracy, even in a blends of pathogens
(Fig. 2D). Collectively, the sensor arrays were capable to identify
different kinds of pathogens with almost 100% accuracy and it also
showed a rapid response (about 0.5 h), had a high-throughput
nature, and was easy-to-operate without requiring interspersed

View Article Online
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washes.”® In another study, based on the specific protein expres-
sion found in microorganisms, Ding et al. conjugated an AIEgen
called AIE-DCM with Gram-negative bacterium-targeting peptides
(polymyxinB) to obtain AIE-DCM-2polymyxinB. In this model, the
polymyxinB bound to lipopolysaccharide (LPS) specifically enabled
the selective and sensitive detection of Gram-negative bacteria.®®
Similarly, the other AlEgens also showed high efficacy as visual
tools for detecting between live and dead bacteria as part of long-
term bacterial detection assay based on the alteration of membrane
permeability.””®® Metabolic biomolecular labelling technology in
which synthetic sugars or amino acids are used to add chemical
functional groups to cell membranes and enable the further
conjugation of fluorescent dyes or drugs has become powerful
tools for bacterial detection and precision therapy in vivo.*
However, the lack of extreme specificity of delivering of these
moieties to targeted cells hinders the improvement of outcomes.
For addressing these obstacles, Liu and Kong developed a new
bacterial metabolic labelling method using AlEgens (Fig. 3A-C),”°
wherein 3-azido-d-alanine (d-AzAla) was delivered with the help of
MIL-100 (Fe) nanopatrticles (NPs) by a simple absorbing process
that was sensitive to a high H,0, inflammatory environment. In
these NPs, the d-AzAla was incorporated selectively into polymer
Pluronic F-127 to form d-AzAla@MIL-100 (Fe) NPs that improve
the dispersity of MOFs under physiological conditions. With the
contribution of the EPR effect, the d-AzAla@MIL-100 (Fe) NPs
preferentially accumulated within the infected region, where the
frameworks of MIL-100 (Fe) were damaged by H,O, to release
d-AzAla that was specifically taken up by the bacteria. During the
process, an ultrasmall AIEgen named US-TPETM NPs (2-(1-(5-(4-
(1,2,2-tris(4-methoxyphenyl)vinyl)phenyl)thiophen-2-yljethylidene)ma-
lononitrile was adopted as the labelling reagent, where
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Fig. 2 Diagnosis of pathogenic microorganism with an AlEgen sensor array. (A) Structure of TPE-ARs and diagram of a sensor array. (B) Fluorescence

responses to microbes (left) and the grouping criterion (right).

(C) Fluorescence response patterns to microbes and canonical score plots.

(D) Fluorescence response patterns (left) and canonical score plots. Adapted with permission from ref. 40. Copyright 2018 Wiley-VCH Verlag GmbH &

Co. KGaA, Weinheim.
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DBCO-DSPE-PEG,o formed an outer shell and promoted
the accumulation around bacteria, where the clickable
dibenzocyclooctyne-modified AlEgen (US-TPETM) anchored to
the bacterial cell walls precisely and selectively by click reaction
for bacterial detection (Fig. 3D-F).”°

2.1.2 Fungal disease detection and diagnosis. Fungi,
another main source of infectious diseases as bacteria, can cause
diseases similar to bacterial infections.>””" More worryingly, the
resistance to therapeutic drugs has become more serious due
to the abuse of drugs.”” Hence, effective detection of fungi is
important not only in biomedicine but also in other fields. Early
detection of fungi enables the eradication of these infections at
an early stage. So far, many AIEgens have been synthesized for
fungal detection.”*’® For instance, Tang et al. synthesized a
microenvironment-sensitive AlEgen named IQ-Cm through
Suzuki coupling and a one-pot multiple component reaction
(Fig. 4A-C), for the visual discrimination of Gram-negative
bacteria, Gram-positive bacteria, and fungi by the naked-eye
(Fig. 4D).”® 1Q-Cm had a twisted donor-acceptor and extended
donor-rt-acceptor (D-n-A) structure, retained its twisted intra-
molecular charge transfer (TICT) and AIE properties, while
showed a sensitive fluorescence colour response to a pathogen-
related microenvironment. IQ-Cm conjugated with a cationic
isoquinolinium moiety and a membrane-active coumarin unit
can selectively accumulate in three different regions in different
types of microorganisms, providing different emission colours
that can be discerned by the naked-eye. While IQ-Cm was
suspended in the solution from dioxane to water, the emission
colour of solution changed from blue (469 nm) to red (625 nm),
and the three pathogens showed weak auto-fluorescence and
induced a variation of emission intensity of IQ-Cm following the
order of C. albicans > S. aureus > E. coli. In detail, C. albicans
caused a large blue-shift from 650 nm to 575 nm and S. aureus
caused a smaller blue shift to 610 nm (Fig. 4D-F), where the

This journal is © The Royal Society of Chemistry 2023

variation of emission intensity was attributed to the diverse
interactions of three pathogens and different surrounding
microenvironments. More, the IQ-Cm can also detect the patho-
gens from urine sample, persimmon, tomato, orange and bread
in naked-eye observation (Fig. 4G-J).”* Thus, the IQ-Cm can be
applied for rapid fungal pathogen detection and point-of-care
diagnosis via a simple visualization strategy based on one single
AlEgen.

2.1.3 Viral disease detection and diagnosis. The high pro-
pagation speed, severity and mortality of viruses could lead to
the crisis around the world, for instance, innumberable people
have suffered due to the outbreak of COVID-19 since 2019.””
The disease caused by COVID-19 is similar to other viruses that
produce serious infectious diseases. Therefore, there is an
urgent requirement to develop sensitive and accurate detection
methods or tools to detect this virus and prevent further public
health issues. Currently, PCR based on fluorescent probes is
still the mainstream method for virus detection in clinical
setting in the context of daily nucleic acid testing. As a booming
and effective diagnostic tool, AIEgens are promising alternatives
for ultrasensitive viral detection.”®®" Li and colleagues developed
a simple, rapid, and sensitive serological diagnostic protocol
using AIEgen nanoparticles (AIEg;oNPs, Aoy = 810 nm) in a lateral
flow immunoassay, they used this assay for the early detection of
immunoglobulin M (IgM) and immunoglobulin G (IgG) against
SARS-CoV-2 in clinical serum samples. In the flow immunoassay,
to avoid the interference caused by autofluorescence, an AIE dye
with NIR emission, named BPBT, was selected as the fluorescent
unit (A2 = 145 nm). Further, to further amplify the fluorescence
signal, polystyrene (PS) nanoparticles of 300 nm size were loaded
with a dye (AIEg;,NP) (3.18 x 10°) and used to label the detection
ligand (Fig. 5). Under these conditions, the detection limit of this
flow immunoassay was low with 0.236 and 0.125 pg mL ™"
for IgM and IgG with high sensitivity (78 and 95%, respectively).
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The performance was thus comparable to that of the enzyme-
linked immunosorbent assay (ELISA) (detection limits of 0.040
and 0.039 ug mL™~" and sensitivity of 85% and 95%) and over
AuNP-based test strip (41% and 85%). Importantly, the
AlEg,oNP-based test strip could detect IgM and IgG at 1-7 days
after symptom onset, much before the AuNP-based test strip
(8-15 days).®* Overall, the AlEg;,NP-based test strip was pro-
mising for the early detection of SARS-CoV-2 in clinical serum
samples. A commercial 2019-nCoV Antigen Kit (AIE FICA) based
on AlEgens was developed by Prof. Tang and its production was
scaled up for routine COVID-19 testing. In another example,
a multifunctional ATEgen (TPE-APP) was synthesized and served
as an immunoassay platform for dual-modal detection of
human enterovirus 71 (EV71 virus), H7N9 virus and Zika virus
with high specificity and extreme low detection limit by simply
changing the conjugated antibodies.*"

1032 | Chem. Soc. Rev.,, 2023, 52,1024-1067

Collectively, compared to conventional fluorescent probes,
AlEgens show great advantages in detecting and diagnosing
infectious diseases, including bacterial, fungal and viral infec-
tions. The advantages are as follows: (i) high SNR, sensitivity,
rapid response speed and low detection limit; (ii) simple
auxiliary tools for rapid and effective detection; and (iii) simple
operation processes. Meanwhile, more rational designing is
encouraged for infectious disease detection in order to achieve
early-stage detection and infection control.

2.2 Metabolic disease detection and diagnosis

In biological cells, tissues and organs, metabolism always plays
a fundamental role in supplying energy for each activity,
including signal transduction, communication, proliferation,
response to external stimuli, and so on. Therefore, there are
significant differences in metabolic characteristics between

This journal is © The Royal Society of Chemistry 2023
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normal and diseased states.?®> Moreover, metabolic imbalances
can also induce various diseases.®* In general, metabolic dis-
eases include diabetes, gout, osteoporosis, fatty liver, vitamin D
deficiency, hyperlipidemia, protein-capacity malnutrition, and
so on. All of these are disorders involving an imbalance in
cellular metabolism. However, the unclear molecular mechanisms
have resulted in a lack of effective diagnostic and therapeutic
target for metabolic diseases. For example, type 2 diabetes
mellitus (T2DM) is one of the most common metabolic
disorders across the world, it has two primary etiologies: (i)
the impaired secretion of insulin from pancreatic p-cells and (ii)
the resistance of normally insulin-sensitive tissues to insulin
followed by a lack of appropriate responses to insulin stimuli.
Hence, the release and action of insulin are essential for

This journal is © The Royal Society of Chemistry 2023

regulating the glucose homeostasis. Thus, insulin and glucose
levels are important indicators of T2DM and the diagnosis could
help in reducing the risks of diabetes comorbidities and enable
individuals in maintaining the quality of life, while avoiding
costly and lethal late-stage diabetic complications. Currently, the
targeting of metabolic factors involved in metabolic diseases
has been a hotspot in several studies.®® The development of
detection technologies has been re-evaluated in the past years,
the methods to detect metabolic diseases include immunofluor-
escence staining, fluorescence sensing with small molecules,
electrochemical sensors, ELISA, radioimmunoassays, mass spec-
trometry, chromatography techniques, and so on. Of these, the
first two involve the use of fluorescent probes and are believed to
be more sensitive, non-invasive and simple to perform compared
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8687 which leads to the evaluations of

with other methods,
changes in fluorescence colour and intensity are the most
effective methods for detecting the content alteration of meta-
bolic diseases. However, as mentioned previously, the detection
and diagnosis achieved based on fluorescent probes remain still
far below expectations, especially at the extremely early stages of
diseases with low concentration and sensitivity. Hence, better
methods with higher accuracy and convenience are needed.

In the past few decades, the approaches for the detection
and diagnosis of metabolic disease detection have become
an attractive topic of the research. With the development of
AlEgens and their biomedical applications, AIEgens have been
proven to be an effective tool for the detection and diagnosis of
metabolic diseases.®® > For example, Sai et al. constructed a
dual-QDs ratiometric fluorescent probe by modifying immune-
functionalized graphene quantum dots (GQDs) and semi-
conductor quantum dots (SQDs) such that they emitted blue
and red emissions, respectively. In this system, the dynamic
equilibrium of Forster resonance energy transfer (FRET) and
AlEgen within the probe promoted the emission of special dual
fluorescent light after exposure to insulin. Insulin promoted
the cleavage of the probe, when the dual fluorescent light was
altered according to the concentration of insulin such that GQD
owned a bluer emission (450 nm, QY of 6.7%) and SQD owned a
redder emission (625 nm, QY of 3.9%). As a result, the dual
fluorescent light was altered according to the concentration of
insulin. With this probe, an extremely low detection limit, as
low as 0.045 ng mL " and rapid response time as short as 5 min
were achieved, indicating that this method was superior to
ELISA. Therefore, the dual-QDs system showed a great potential
in the ratiometric sensing of insulin in biological samples
(Fig. 6).>® These excellent results suggested that AIEgens exhibit
great advantages over traditional fluorescence methods.

Hyperlipidemia (HLP) is also a kind of metabolic disease
that is characterized by the imbalance of various plasma lipids,
it is typically caused by the altered contents and qualities of
low-density lipoprotein (LDL) and high-density lipoprotein
(HDL) cholesterol. The complicated plasma environment of
HLP results in a high background interference and tests require
large amounts of samples and are also cumbersome. Hence,

1034 | Chem. Soc. Rev,, 2023, 52, 1024-1067

practical in vivo detection for HLP has many disadvantages.
To solve these problems, Tang et al. prepared a series of “smart
aggregates”, which was made up of AIEgens named SQBTTPE,
SQBT-TPA and SQBT-DMA, for the early diagnosis of HLP. This
approach was targeted at the alteration of LDL/HDL levels and
ratios. All of these AlEgens had a typical D-A molecular
structure that conferred both AIE and TICT effects and allowed
accurate HLP detection. Notably, the AIEgens exhibited NIR-II
and NIRIII luminescence with ultra-large Stokes shifts
(>950 nm). In particular, the PL spectra of SQBTDMA were
observed as far as 2100 nm with a high QY of 20%. Importantly,
there was an exceptional linear association between fluorescence
intensities and HLP-related pathological parameters and the
testing of blood samples revealed high accuracy of SQBTDMA
(96%).°* Hence, AlEgens can collectively promote the rapid and
convenient diagnosis of HLP.

So far, effective methods for the detection and diagnosis of
metabolic diseases have remained far and few in between.
However, AIEgens provide great promise in this field, AIEgen-
based methods being less expensive and time-consuming than
traditional methods. Hence, more endeavors should be dedi-
cated to this area.

2.3 Cardiovascular disease detection and diagnosis

CVD is the largest and most lethal single contributor to global
mortality,”® it is also the leading cause of death in China
accounting for 40% of the total deaths."”® Due to the acute
development of CVD, some necessary ambulance transports are
often not acquired in time. As a result, the rates of CVD death
have continuously and rapidly increased. In the classification of
CVD, ischemic heart disease (IHD), hemorrhagic stroke (HS)
and ischemic stroke (IS) are the three leading causes of CVD
death. Meanwhile, other CVDs like rheumatic heart disease,
hypertensive heart disease, myocarditis and myocardia disease,
aortic aneurysm, and other circulatory diseases can also cause
serious morbidity and mortality. Alarmingly, CVDs are related
to other diseases, such as obesity and T2DM,®” enhancing
challenges of detection and prevention. However, early targeted
treatment and prevention could be possible if populations
at risk for CVDs are accurately identified. In the clinics,

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00610c

Open Access Article. Published on 05 January 2023. Downloaded on 1/23/2026 4:23:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

electrocardiograms, ultrasonic cardiograms, coronary CT scans,
coronary arteriography, etc., are common methods for the diag-
nosis of CVDs. However, these previously mentioned methods
are laborious and of low accuracy.

At present, the biopsy of biomarkers such as C-reactive
protein (CRP), Lp-PLA2, and triglycerides with fluorescent
probes capable of precise detection is the common approach
for the detection of CVDs. Some other methods, including
digital immunoassay technology”® and computer-assisted
technology,” have also been proved to be effective but still far
away from expectation. Recently, AlEgens have shown great poten-
tials in construction of advanced fluorescent bio-probes for CVD
detection, diagnosis and disease theranostics. These potentials are
linked to their high levels of fluorescence brightness, excellent
photostability, low toxicity, and adaptability to a variety of bio-
medical tasks. Following incorporation into stimuli-responsive
light-up probes and highly emissive fluorescent nanoparticles,
AlEgen can help in detecting CVDs with a higher specificity and
sensitivity than conventional probes.’®** For instance, athero-
sclerosis (ALS) is a type of CVD characterized by endothelial injury,
progressive inflammation, and lipid deposition and can lead to the
sudden occurrence of fatal plaque rupture, myocardial infarction,
stroke, and even sudden death.'®® Under these conditions, Ding
et al. developed a series of novel AlEgens (TPET-RO, TPE-T-RS
and TPE-T-RCN), which were synthesized by McMurry reaction,
Suzuki-Miyaura coupling reaction, and Knoevenagel condensation
with high yields, by regulating the substituent of rhodamine for
the early detection of atherosclerotic plaques and screening of anti-
atherosclerosis drugs in a precise, sensitive, and rapid manner.
These AlEgens had a typical D-n-A structure, In particular, twisted
methoxy-substituted TPE served as the skeleton to obtain AIE
properties and electron donor. Rhodamine derivatives with differ-
ent substituents (O, S, or dicyanomethylene unit (CN)) served as the
electron acceptor, respectively. Also, thiophene (T) was selected as
both the second donor and for electronic n-conjugation to induce
intramolecular charge transfer and increase conjugation length
between the donor and acceptor. Among the prepared AlEgens,
TPE-T-RCN showed the highest molar extinction coefficient (2.95 x
10* L mol " em™ "), better charge transfer ability, the most largest
PL QY (18.9%), and the absorption/emission spectra with the
largest redshift (emission peak at 652 nm). Following encapsulation
by DSPE-PEG,q, the emission maxima of TPE-T-RCN NPs red-
shifted to 662 nm. Furthermore, after encapsulation by DSPE-
PEG;000 and carboxyl-terminated DSPE-PEG,,0,-COOH and surface
functionalization with anti-CD47 antibody, TPE-T-RCN can bind to
CD47 overexpressed cells in ALS plaques to efficiently recognize
them at different stages peculiarly and rapidly. It can also recognize
them at a very early stage (III) at which they cannot be detected
clinically using CT nor MRI. These features indicated the value of
using this AlEgen-based nanoprobe for monitoring the therapeutic
effects of anti-ALS drugs during drug screening.'®

Compared to conventional fluorescent probes, AIEgens have
great advantages in the detection and diagnosis of CVDs,
including: (i) high SNR, sensitivity and rapid response speed
help in overcoming the background interference; (ii) NIR-II
window wavelength, promotion of deep tissue penetration and

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

visualization; (iii) feasibility of detection at the extremely early
stage; and (iv) easy operation. Thus, one focus of the research
on AlEgens should be their applications in CVD diagnosis.

2.4 Neurodegenerative disease detection and diagnosis

Neurodegenerative diseases are a type of deteriorative diseases
and result from the gradual loss of the structure or function of
neurons. They can be divided into acute neurodegenerative
diseases, such as cerebral ischemia (CI), brain injury (BI),
epilepsy, and chronic neurodegenerative diseases,'® including
Parkinson’s disease (PD), AD, and Huntington’s disease. Both
types of neurodegenerative diseases seriously threaten the
patient’s quality of life. The occurrence of neurodegenerative
diseases is associated with factors such as aging, stress, viral
infections, genetic mutations, environmental effects, etc.’®”
To date, the etiology of most neurodegenerative diseases is still
unclear, and there is no effective method to cure them comple-
tely. During the progression of these diseases, the contents of
some biomarkers, such as polyglutamine, FGF21, Tau protein,
Lewy bodies, amyloid precursor protein, alpha-synuclein,
TDP-43, and serum Vitamin D, are increased sharply.'*®™'"
Traditional diagnostic methods such as PET, CT, MRI, and
biochemical assays,"'> used in clinical practice are expensive
and time-intensive. On the contrary, fluorescent probes applied
to detect or diagnose neurodegenerative diseases show high
sensitivity and rapid response and are convenient to use."*’
Unfortunately, the application of conventional fluorescent dyes
in the diagnosis of neurodegenerative diseases is limited by their
ACQ effects, especially in cases of in vivo detection or diagnosis
in deep tissues. Moreover, the blocking effect of the brain-blood
barrier (BBB) and other biological barriers further inhibit the
accumulation of fluorescent probes, lowering the final fluores-
cence intensity. Finally, given the structure of the brain, probes
with a long wavelength near the NIR-II window are required.
Thus, given their overwhelming advantages over traditional
fluorescent probes, AIEgen probes are more suitable and effec-
tive for the detection and diagnosis of neurodegenerative
diseases.""*"*" For instance, AD is a progressive neurodegenera-
tive brain disorder and is considered to be untreatable."** The
formation and accumulation of amyloid-B (AB) plaques in the
brain are believed to be the primary pathological hallmark
for the early diagnosis of AD. Commercial thioflavin derivatives
(ThT or ThS) are the well-known gold standard probes for in vitro
detection of amyloid fibrils via histological staining. However,
problems such as the ACQ effect, background interference, and
low SNR hinder improved detection outcomes, especially in
cases of in vivo detection. Further, commercial probes are
limited in their ability to detect oligomeric species. For the
sensitive and effective detection of AP, Zhu et al. developed an
NIR AlE-active probe (QM-FN-SO3), this probe could map AP
plaques and thereby detect AD upon a rational design strategy
(Fig. 7A-C). In QM-FN-SO3, a lipophilic t-conjugated thiophene-
bridge for an extension to the NIR wavelength range and
enhancement of BBB penetrability was introduced. The substi-
tuted position of the sulfonate group was tuned to achieve
specific hydrophilicity and retained the “fluorescence-off” state
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before binding to AP deposits. As a result, the QM-FN-SO; probe
became non-emissive in aqueous solution and its NIR fluores-
cence at 720 nm continuously intensified until the volume frac-
tion of ethanol was up to 95%, achieved excellent capability for
mapping protein fibrillogenesis (Fig. 7D and E). When bound to
Ay, aggregates, QM-FN-SO; exhibited remarkable enhancement
of fluorescence intensity-dependence on the concentration, where
the conformational freedom and rotational restriction of the QM
fluorophore of QM-FN-SO; were restricted after entering into the
hydrophobic pockets and bound to the aggregated amyloid fibrils
with the help of N,N'-dimethylamine (Fig. 7F). Also, QM-FN-SO;
exhibited remarkably higher binding affinity and specificity to AB
plaques to initiate the off-on response of fluorescence. The in vitro
and in vivo examination indicated that the QM-FN-SOj; can exhibit
a big breakthrough in high-fidelity feedback on detection of AP
plaques than the commercial probe ThT or ThS (Fig. 7G-M)."*?

Compared to commercial probes applied for the detection of
neurodegenerative diseases, AIEgen probes show benefits as
follows: (i) they can cross the BBB, enhancing targeted accu-
mulation in the region of interest after rational design; (ii) they
have a tunable wavelength that can be expanded to the NIR-II
window, guaranteeing detection in deep tissues; and (iii) they
allow the long-term monitoring of dynamic disease progression.
More rational design strategies should be developed for the
precise detection of neurodegenerative diseases and AIEgens
can help in this regard.

2.5 Orthopedic disease detection and diagnosis

The skeletal system plays a fundamental role in supporting the
basic shape and motion of the body and the different bones are
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connected by joints made up of constituents of various
osteocytes.'** In the past few decades, orthopedic diseases
other than fracture, including cervical spondylosis, frozen
shoulder, ankylosing spondylitis, lumbar disc herniation,
femoral head necrosis, rheumatoid arthritis (RA), osteoarthritis
(OA) and so on, have created a significant health burden and
hindered social development. The incidence of these conditions
have increased with increased rates of aging and obesity, both of
which lead to long-term disability.'*® More concerningly, the
lack of effective diagnostic indicators and therapeutic targets
has resulted in a shortage of effective treatment modalities.
Orthopedic diseases are classified as chronic degenerative joint
disorders and inflammatory diseases caused by excessive ROS
and inflammation."”*'*” Moreover, the diagnosis of orthopedic
diseases is usually performed using bioimaging techniques,
such as CT, MRI, radiography, and ultrasound.'*® When com-
pared with in vivo bioimaging and ELISA, biopsy detection using
fluorescent probes is more cost-friendly, rapid, and operationally
simple. AIEgens are better candidates than conventional fluor-
escent probes in this regard. For example, for detecting the
enhanced expression protein in OA in a sensitive and specific
manner and facilitating early diagnosis and timely treatment,
Bian, Tang and Li synthesized a new AIEgen named Cy-Py-N; for
detecting OA based on the overexpressed matrix metallopeptidase
13 (MMP-13). An MMP-13-responsive probe (AIEgen-Pro-Leu-
Gly-Val-Arg-Gly-Lys-Gly-Gly-Ac, or AIEgen-PLGVRGKGG-Ac)
was synthesized via the “click chemistry” conjugation of an
azide-functionalized AlEgen with an alkyne-functionalized MMP-
13 sensitive peptide. This peptide was sensitive to MMP13 and
cleaved by activated MMP-13, made the probe water-soluble and

This journal is © The Royal Society of Chemistry 2023
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Adapted with permission from ref. 129. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

produced an off-on fluorescence (Fig. 8A-C). The AIEgen-PLGV-
RGKGG-Ac exhibited maximum emission at about 550 nm
(Fig. 8D) and high sensitivity to MMP-13 with enhanced fluores-
cence intensity (Fig. 8E). When exposed to increased activity of
MMP-13, promoting easy and semi-quantitative assessment of the
extent of stem cell differentiation (hBMSCs). This probe also
detected the activity of MMP-13 in osteoarthritic knee joints of
living animals in real-time. Thus, AIEgen-PLGVRGKGG-Ac
demonstrated the effective detection ability of the AIEgen for
orthopedic diseases in vitro and in vivo (Fig. 8F and G).'**

Up to now, although many elevated biomarkers, including
proteins and cytokines, have been found to be elevated in
orthopedic diseases,?*"*? key biomarkers for detection, diag-
nosis, and treatment are still lacking. Thus, there is an urgent
need for collaboration across different fields for the better
application of our current knowledge in the field of orthopedic
diseases.

2.6 Inflammatory disease detection and diagnosis

Inflammatory responses constitute a reaction in which the body
exerts autonomic defensive actions against various stimuli
(inflammatory agents) in order to provide protection from
adverse factors. The goal is to maintain homeostasis and the
functional and structural integrity of the biological system.
Inflammatory reactions are characterized by redness, swelling,
heat, pain, and dysfunction and can occur due to various causes,
such as infection (most common cause) and autoimmune
regulation.”*® In general, slight inflammation is beneficial for
the body. However, the excessive inflammation can induce a
series of life-threatening conditions. Inflammation is usually

This journal is © The Royal Society of Chemistry 2023

accompanied by the elevated expression of inflammatory factors
or cytokines, including TNF-o, IL-1f3, IL-6, TGF-} and other small
molecules; these cytokines are considered to be biomarkers of
inflammatory diseases and are capable of inducing various
biological cascades, including cytokine storms that become fatal
to life. Thus, the detection of inflammatory diseases can allow
interventions aimed at preventing further deterioration. At
present, the diagnostic methods for inflammatory diseases
include ELISA, PET, CT, MRI and so on. Although ELISA
has the advantages of good specificity, moderate sensitivity
(~510 pg mL™ "), and reliability, it also has disadvantages such
as cumbersome and time-consuming operation, the requirement
of large sample volumes, detection limits (endocrine inflamma-
tory factors), and the lack of real-time, dynamical monitoring.
Thus, a method with characteristics such as a rapid response
rate, high accuracy and detection limit, convenient operation,
and small volume requirement is needed. Based on previous
studies and commercial applications, fluorescent probe-based
detection appears to be the hotspot of interest.

As described previously, AIEgens exhibit great advantages in
detection and diagnosis of inflammatory diseases."** Inflam-
matory bowel diseases (IBDs) refer to a class of chronic,
progressive, and immunity-mediated intestinal tract diseases,
which create a heavy burden for patients, which can be partly
attributed to lack of clear methods for early diagnosis and
appropriate management. Therefore, it is important to find ways
to detect IBD at the early stage using a precise, sensitive and
convenient method. For example, Liu and Gong collaboratively
developed a new farred-emissive AlEgen-active fluorescent
probe named TZB-FR with a D-n-A structure to detect IBD.
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TZB-FR showed far-red-emissive emission (624 nm) and a large
Stokes shift (~184 nm). Upon incubation with LS174T and
HT-29 cells, this ATEgen was found to be photostable and non-
cytotoxic, which was also capable to provide excellent imaging
capabilities to assess intestinal barrier function in animal
models of DSS-induced colitis."*> In another study, Lin et al.
also developed AIEgen nanoprobes (BPN-BBTD NPs) by encap-
sulating BPN-BBTD within the amphiphilic polymer Pluronic
F-127, where the BPN (N,N-diphenylnaphthalen-1-amine) served
as the donor, and BBTD (benzo[1,2-c:4,5-¢']bis[1,2,5]-thiadiazole)
served as the acceptor. The D-A structure conferred the intense
NIR-II fluorescence property of the BPN-BBTD molecule with
peak emission located at ~930 nm. BPN-BBTD enables NIR-II
fluorescence imaging that could be utilized to accurately detect
inflammatory lesions, monitor inflammation severity and detect
the response to drug interventions in an IBD mouse model
directly.'?°

Fibrosis is a chronic inflammatory disease associated with
persistent inflammation, including renal fibrosis, liver fibrosis."*”
Biopsy is the present “gold standard” for the detection and
diagnosis of fibrosis and the invasive procedure might induce
high bleeding risk. Hence, the noninvasive methods are urgently
needed. Under these conditions, Tang et al. developed a water-
soluble AIEgen-based nanoplatform named AIE-4PEG550 NPs
for diagnosing kidney fibrosis via the SWIR fluorescence and
photoacoustic imaging (Fig. 9A and B). AIE-4COOH was prepared
using Wittig reaction and Suzuki coupling reaction with a typical
D (triphenylamine derivative}-A (DPTQ) structure. Then, AIE-
4PEG550 was synthesized via a facile condensation reaction in

1038 | Chem. Soc. Rev,, 2023, 52,1024-1067

which 0.55 kDa PEG-NH, was PEGylated to the carboxylic acid
groups of AIE-4COOH. AIE-4PEG550 dissolved well in water and
exhibited a maximum emission peak in the SWIR region with a
tail stretching to a second near-infrared window (NIR-II, 1000-
1700 nm) with acceptable photostability (Fig. 9C and D) with a QY
of 1.26%. After administrated intravenously, AIE-4APEG550 NPs
showed high renal clearance efficiency (93.1 & 1.7%) within 24 h
and high targeting capability rapidly (4 min), providing a distant
and rapid discrimination through SWIR FLI/PAI with a neglect-
able liver retention signal for detection of fibrosis using a 1000 nm
long pass filter in nephropathy mouse model induced by
folic acid. Furthermore, kidneys were visualized clearly with high
definition in the NIR-II region. By evaluating the alteration of FL/
PA intensities responsive to urinary excretion, the severity of renal
fibrosis can be evaluated effectively, indicated by the alteration of
fluorescent intensity (Fig. 9E-]). More importantly, AIE-4PEG550
NPs distinguished the progressive renal fibrosis at an early stage
clearly than H&E staining, Masson’s trichrome staining, and
blood biochemistry test.'*®* Hence, the literature indicated that
the AlEgen exhibits great advantages over traditional methods
and hold great potentials in the multimodal detection of inflam-
matory diseases.

2.7 Senescence detection and diagnosis

Senescence, a state involving permanent inhibition of cell
proliferation, is a natural process in biological systems wherein
senescent and dead cells are replaced by new and young cells to
maintain tissue function."*® Typically, the senescence pheno-
type is characterized by altered cellular morphology, increased

This journal is © The Royal Society of Chemistry 2023
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activity of senescence-associated-beta-galactosidase (SA-B-GAL),
increased formation of senescence-associated heterochromatin
foci (SAHF), the presence of promyelocytic leukemia protein
nuclear bodies (PML NBs), permanent DNA damage, chromosomal
instability, cell-cycle arrest, metabolic dysfunction, and the devel-
opment of inflammatory secretome, among other factors."** In
general, there exists a sophisticated balance between senescent and
newborn cells, ensuring tissue homeostasis and organismal health.
However, increased rates of senescence lead to pathological pro-
cesses promoting disease development. For instance, aged immune
cells are believed to be the most dangerous of all senescent cells, as
they also accelerate the aging of other organs, leading to organis-
mal aging,'"" and diseases like cancer. On the other hand, the
above-mentioned characteristics can also be identified in cells from
patients with age-related pathologies. In addition replicative senes-
cence can occur depending on telomere erosion or dysfunction,
while stress-induced premature senescence (SIPS) is telomere-
independent, and also includes oncogene-induced senescence
(OIS). These two processes are believed to be the two major
mechanisms of cellular senescence.'**'** Thus, the diagnosis
and detection of senescence can help in preventing the occurrence
of the associated diseases.’*> However, senescence detection can-
not be detected by identification of a single biomarker but instead
requires joint detection.

View Article Online
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Nowadays, B-gal, SAHF, SASP, lipofuscin, Lamin B1, P53,
P21, RB, and Ki67, are considered the main indicators of
senescence and are examined using different diagnostic and
detection methods.'** When compared with previous co-staining,
methods and optical microscopy, the fluorescent probes consist-
ing of AlEgens offer several obvious advantages as with other
diseases. More importantly, AIEgens could detect the contents in
a realtime and dynamic manner.'** "> Thus, AlEgen-based
fluorescence detection allows the elucidation of senescence levels
in biological systems. For example, based on the properties of the
AlE-active nature and ESIPT of salicylaldehyde azines (SAs), a
B-galactosidase probe, called SA-BGal, was synthesized by blocking
the hydroxyl groups at the ortho-position on the benzene ring of
salicylaldehyde azine (SA) with B-galactopyranoside by Liu et al.
(Fig. 10A). The pB-galactopyranoside group when reacted with
B-galactosidase released the fluorescent probe salicylaldehyde
azine to generate increased fluorescence emission at 545 nm.
The fluorescence intensity was positively connected with the
concentration of B-galactosidase (R*> = 0.99). Hence, SA-BGal
showed a broad range of B-galactosidase activity in vitro from
0 to 0.1 U mL™" and the detection limit could be lowered to
0.014 U mL™"' (Fig. 10B-E). To validate this system, B-galacto-
sidase activity was also detected in C6/LacZ cells and HeLa cells
with high specific detection sensitivity (Fig. 10F and G).'**
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(A) The fluorescent light-up probe of SA-BGal. (B) The FL spectra of
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SA-BGal, inset: photographs of SA-BGal without (left) or with B-Gal (right).

(C and D) The fluorescence intensity changes (C) and concentrations (D). (E) The calibration curve of the fluorescence intensities. (F and G) Imaging
of B-galactosidase activity in cells. Adapted with permission from ref. 145. Copyright 2015 The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2023

Chem. Soc. Rev,, 2023, 52,1024-1067 | 1039


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00610c

Open Access Article. Published on 05 January 2023. Downloaded on 1/23/2026 4:23:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

Hence, AlEgen-based probes demonstrate the prospects of
applying AIEgens over using traditional methods.

Beyond the above-mentioned non-cancer diseases, AIEgens
have also been applied to detect other biological processes,
such as the detection of human germ cell quality,">* monitoring
transplant immune response,** and the detection of damage of
BBB."* Importantly, the detection and diagnosis of specific
diseases are of great interest and AlEgens appear to be more
effective tools for disease detection according to the literature.
However, much attention should be still placed to achieve better
outcomes using these agents in a range of other non-cancer
diseases.

3. Noncancerous disease bioimaging
with smart AlEgens

Currently, various biomedical technologies, such as MRI, PET,
digitized radiography (DR), CT, single photon emission computed
tomography (SPECT), ultrasonic imaging (UI), radionuclide
imaging and so on have been used to image for the diagnosis
and surveillance of diseases successfully. These methods own
by themselves advantages and are applied in specific ranges of
diseases when compared to each other. They also have their
separate and collective weaknesses, including low resolution
and contrast with high background signals, tissue damages
induced by radiation, biotoxicity, invasive injury, and high
expense. Moreover, these methods often fail to achieve
the monitoring of pathogens in-depth dynamically. On the
contrary, fluorescence imaging is capable of achieving better
imaging results with excellent spatial resolution, high sensitivity
and specificity, low biotoxicity, multimodal imaging capability,
optical bioimaging, which show better potential for precisely and
living imaging. Along with the development of optical bioima-
ging, a lot of fluorescent materials, such as fluorescent proteins,
organic dyes, inorganic semiconductors, quantum dots (QDs)
and so on, have been designated and developed rapidly.

For clinical applications, bioimaging agents must have
characteristics such as a high SNR, penetration depth and
photostability and excellent biocompatibility. As described in
the introduction section, as imaging agents, AIEgens are superior
to conventional fluorescence agents. Several AIEgens with tunable
wavelengths from the infrared (extended to NIR-IIb, 1500-
1700 nm) to the visible and UV spectrum and good biocompat-
ibility and photo-/physical-stability have been developed, these
agents are more suitable for super-resolution bioimaging
approaches at the cellular and tissue levels. More importantly,
AlEgens can intravitally visualize dynamic changes of diseases-
associated biological processes in vivo, allowing long-term
disease monitoring. Thus, they help both diagnostic imaging
and treatment. Meanwhile, the occurrence of diseases is
accompanied with the aberrant expression of small molecules,
cytokines, enzymes and proteins, which can be effectively
targeted for bioimaging.*®*>'>>%® Therefore, in this section,
we summarize the latest advances in bioimaging for non-cancer
diseases by using smart AIEgens. The advantages of AIEgens in
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the visualization of noncancerous diseases, when compared
with conventional fluorescent probes are also discussed.

3.1 Bioimaging of infectious diseases

Bacteria, fungi, and viruses are the main pathogens that cause
infectious diseases, serious infectious diseases are responsible
for widespread death and panic across the world.*®** Meanwhile,
microorganisms also play multiple essential roles in biological
defense mechanisms by boosting the immune system and testing
its protective features. Therefore, the selective and sensitive
bioimaging of pathogens is vital in clinical medicine and could
guide the use of antibiotics, preventing the occurrence of con-
comitant diseases and allowing the monitoring of the disease
process in long term. At present, traditional methods for bacterial
identification, such as the BacT/Alert blood culture system, bio-
chemical staining, and PCR, are quite complex in terms of
operation, and labor-intensive. Moreover, they rarely allow
in situ bioimaging of living pathogens. Under these circum-
stances, fluorescence techniques have attracted attention owing
to their high sensitivity and simplicity and distinct resolution.
However, their ACQ effects and photobleaching during dynamic
visualization and long-term monitoring greatly hinder their prac-
tical applications. In contrast, AIEgens do not have these disad-
vantages during the simultaneous discrimination, bioimaging,
and monitoring of the infectious diseases. For example, Gram-
positive bacteria are significant contributors to infections asso-
ciated with high morbidity and mortality. Hence, their discrimi-
nation and monitoring of their biological processes from other
microbes are important. To validate the capability of AIEgens in
discriminating Gram-positive bacteria from other bacteria or
fungi, Tang, Qin and Wang developed a new (2-{[(diphenylmethy-
lene)hydrazono]methylphenol}) derivatives (DPAS)-based AlEgen,
namely M1-DPAN, containing morpholine and naphthyl units to
selectively discriminate Gram-positive bacteria even in the
presence of Gram-negative bacteria and fungi, owing to the
interaction between the outer wall of the microbes and the probe.
It could label S. aureus and exhibit good tracing ability, tracking
the translocation of the bacteria with high contrast and allowing
dynamic monitoring of the infection process (Fig. 11A). Firstly,
three DPAN-based AlEgens (M1-DPAN, M2-DPAN, and M3-DPAN)
were synthesized (Fig. 11B). In details, DPAN was selected as the
skeleton and the alkaline morpholine was introduced because
it could interact with the macromolecules in acidic outer wall
of pathogens via electrostatic interactions and the introduction of
hexyloxyl group between morpholine and DPAN based on the
flexibility and the insertion in cell membranes with appropriate
thickness and structure of probe to achieve the turn off-on
imaging effect (Fig. 11C). M1-DPAN exhibited maximum absorp-
tion and emission at around 391 and 525 nm with a high QY of
10.6% and photostability. Upon application in imaging the patho-
gens, M1-DPAN can discriminate Gram-positive bacteria from
other microbes selectively (Fig. 11D). Moreover, M1-DPAN was
also utilized to visualize the processes via which Gram-positive
bacteria infect mammalian cells using fluorescence imaging."® In
another study, to gain insights into the processes of bacterial
phagocytosis, Chen et al. developed an environment-sensitive

This journal is © The Royal Society of Chemistry 2023
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(pH value) AlEgen named TPE-Cy to label and image bacteria for
visualizing the process of phagocytosis by macrophages. The
bacterium labelled with TPE-Cy fluorescence served as pathogens
that induced phagocytosis in macrophages and the fluorescent
probe helped in visualizing the position and morphology of the
bacteria, while also indicated the pH changes in the microenvir-
onment during phagocytosis.'®® More, Gendelman’s group also
constructed a novel AlEgen nanoplatform, named RPV-NC, which
was fabricated with r-o-phosphatidylcholine and DSPE-PEG,y,
where RPV-NC showed a blue fluorescence with maximum emis-
sion at 385 nm and high fluorescence stability in a range of pH
values from 2 to 14. RPV-NC can target to CD4" T cell and
macrophage specifically for imaging HIV virus and tracking the
behavior of antiviral drugs in cell and subcellular organelles.'®"
Thus, AlEgen-based bioimaging could be utilized for tracking
various biological processes involved in infectious diseases.

3.2 Injury bioimaging

Injuries are sometimes inevitable parts of daily life and their
damage can be unpredictable. In cancer treatment, radiotherapy
is mainstay of treatment methods. However, there are obvious
adverse effects. For example, approximately 95% of patients
receiving irradiation in radiotherapy experience skin injuries.
Moreover, the treatment of noncancerous diseases with chemo-
therapy and other treatments can also cause injury. Thus, the
bioimaging of injuries and repair features are crucial for the
improved reduction of adverse effects and for elucidating the
molecular mechanisms of repair, which lead to the necessity
of long-term imaging and tracking, and fluorescence imaging
is particularly suitable for studying the occurrence and

This journal is © The Royal Society of Chemistry 2023

development of injuries and the underlying recovery mechan-
isms. This is because this imaging technique is considerably
sensitive and of low-cost and can provide plentiful information
at different levels owing to the advantages of AlEgens. ¢*1%°

To monitor the effects of stem cell therapy for the treatment
of ionizing radiation-induced skin injury via bioimaging, Liu
et al. constructed NIR-activated organic AIEgen nanodots with a
high QY of 33%, prominent retention in adipose-derived stem
cells (ADSCs), and good biocompatibility. The AIEgen nanodots
exhibited excellent performance in examining the fate and
regenerative mechanism of ADSCs after radiation-induced skin
injury. At the molecular level, the AIEgen dots served as
effective fluorescent cell trackers, precisely tracking the activity
of transplanted ADSCs over a 1 month period."®®

Acute liver injury, another type of serious and common
clinical injury, can be triggered by various endogenous
and exogenous factors, including alcohol consumption and
inappropriate drug use. Therefore, accurately evaluating the
hepatotoxicity of drugs or treatment methods is crucial. To
visualize acute liver injury precisely and clearly, Wu and col-
leagues developed a nitric oxide (NO)-activatable AIEgen probe
named QY-N, this probe could be used for diagnosing and
visualizing liver injury caused by herbal medicine. It detected
in situ NO levels in the liver based on NIR-II fluorescence and
multispectral optoacoustic tomography (MSOT) imaging. QY-N
contained a D-A structure in which bismethoxyphenyl-amine
containing dihydroxanthene served as an electron donor, while
quinolinium served as an electron acceptor, the butylamine
served as the recognition group and fluorescence quencher.
When the NO in hepatic tissues reacted with butylamine, the
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activated probe QY-NO was generated, leading to an obvious
red-shifted absorption band (700-850 nm) for optoacoustic (PA)
imaging. The strong emission at 910-1110 nm allowed NIR-II
fluorescence imaging. In a triptolide-induced liver injury
model, QY-N was activated by in situ hepatic NO to detect and
image liver injuries. The 3D MSOT bioimaging results indicated
that the QY-N nanodots could accurately identify the location
and size of the liver injury. Moreover, QY-N was found to be
effective in the long-term tracking of the subsequent
recovery."®’

Compared to conventional fluorescent probes used for
injury bioimaging, AlEgens have many advantages, including:
(i) tunable emission wavelengths into the NIR-IIa and NIR-IIb
regions, allowing deep tissue bioimaging at a high spatial
resolution; (ii) high targeting capability and selectivity for
precise bioimaging; (iii) multimodal bioimaging capability;
and (iv) capacity for long-term monitoring and tracking. Thus,
greater efforts should be put forward for injury bioimaging
based on AIEgen probes.

3.3 Metabolic disease bioimaging

Metabolic diseases are chronic diseases that are characterized
by abnormal metabolism that induces the dysfunction of cells
and tissues. In metabolic diseases, the levels of biological
molecules change dynamically and aberrantly. Thus, the tar-
geted imaging of these biological molecules is an effective way
for supervising the status of the disease and guiding treatment.
However, although current bioimaging approaches, such as
MRI, PET, mass spectrometry imaging, Raman microscopy,
and fluorescence imaging are capable of mapping in situ meta-
bolic activities,"®®* 7 they possess several disadvantages,
including low spatial resolution, low labeling capability, high
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time-expenditure, low imaging sensitivity, slow imaging speed,
strong biological interference, and limited spectral coverage.
However, fluorescence imaging is most suitable for the imaging
of metabolic diseases due to its rapid response rate and non-
invasive nature, among other advantages. Compared with con-
ventional fluorescent probes, AIEgens show great advantages in
the imaging of metabolic diseases.”*""'7>

To overcome the strong hydrophobicity that limits the
efficiency of lipid-specific fluorophores for in vivo labeling in
metabolic diseases, Liu et al. synthesized two AIEgens (TPACN
and TPAPhCN) with a typical D-A structure. Triphenylamine
(TPA) served as the electron donor, while the dicyanovinyl
group served as the electron acceptor. Both AIEgens showed
maximum emissions in the red and far-red/NIR region (620 nm
and 684 nm, respectively) and high fluorescence QYs (40% =+
2% and 26% =+ 1%, respectively). The AIEgen dots (TPACN dots
and TPAPhCN dots) were prepared by fabricating with DSPE-
PEG using a nanoprecipitation method, they could also be
applied for in vivo labeling and the three-photon fluorescence
imaging of lipid-rich tissues, such as fatty livers and athero-
sclerotic plaques in the brain vasculature and carotid arteries
with a high targeting specificity. Thus, they provided better
imaging results than commercial lipid-specific fluorophores.'”?

Alcoholic liver disease (ALD) is caused by the excess con-
sumption of alcohol and is becoming a significant threat to
human health around the world,'”* which has been identified
as a chronic disease resulting from acute alcoholic liver injury
(AALI). However, due to a lack of clinical symptoms and
biomarkers, such liver injury is usually ignored and appropriate
prevention or treatment is not performed. Moreover, previous
studies have revealed that ALD leads to variations in the
intracellular microenvironment, thus altering mitochondrial
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viscosity.'”® To diagnose AALI and monitor its progression in a
timely manner based on the change in mitochondrial viscosity,
Chen et al constructed a robust fluorescent AIEgen probe
named HOTPy for imaging ALD, which was soluble in water,
showed prominent chemical stability, and could resist inter-
ference (Fig. 12A). Within the HOTPy, the D-A structure and
interaction lead to red-shifted emission upon aggregation to
benefit bioimaging with less light scattering, lower background
fluorescence and deeper penetration. The increase of solvent
viscosity induced the absorption peaks of HOTPy and MeOTPy
(contrast probe) red-shifted from 379 nm and 376 nm to 396
and 392 nm, respectively, and the fluorescence showed large a
redshift from 548 nm to 614 nm of MeOTPy, while HOTPy
exhibited a constant emission peak at 611 nm with steady
increase of the fluorescence intensity, also both exhibited
increased QYs. When applied for the imaging of mitochondrial
viscosity alteration, the examination results revealed that
HOTPy could respond to the changes of mitochondrial viscosity
in vitro (Fig. 12B) and in vivo (Fig. 12C and D), allowing the
tracking of liver recovery based on changes in mitochondrial
viscosity in situ (Fig. 12E and F).'”® Thus, owing to their high
compatibility, high fluorescence QYs, and large emission wave-
lengths, among other advantages, AIEgen probes are obviously
beneficial as candidates for the bioimaging of metabolic dis-
eases and disease monitoring.

3.4 Cardiovascular disease bioimaging

Alterations in the structure and function of the cardiovascular
system lead to a plethora of serious diseases or even death
because of blood vessels that provide the necessary nutrition to
cells and transport the waste from cells. Hence, the bioimaging
of cardiovascular system not only provides diagnostic evidence
for diseases but also guides the treatment and the monitoring
of treatment effectiveness. At present, bioimaging methods for
CVDs can be classified into methods based on morphology (CT,
MRI, and US), physiology (US, MRI, PET, and SPECT), and
biochemistry (PET, SPECT, and CSI). Although these methods
have a high resolution and can provide adequate information,
some drawbacks persist and must be addressed; these include
the high cost, complex operation, slow speed, labor-intensive
nature and so on. Thus, more effective, low-cost, and conveni-
ent bioimaging methods are urgently warranted. Similar to the
bioimaging of other diseases, fluorescent probes are also better
options for CVD bioimaging. Given the presence of biological
barriers, these fluorescent probes must possess strong excitation
and fluorescence emission capabilities in the NIR spectral range
and be resistant to the impact of biological components. Some
fluorescent compounds, including cyanine dyes, lanthanide
chelates, tetrapyrrole-based dyes, and quantum dots,"”” are used
for CVD imaging. However, the results of these traditional agents
are still far below expectations. Owing to their properties and
promising results from previous studies, AIEgens appear to be
more suitable for CVD imaging and they have been a hot topic of
AlEgen-based science community.'%*'78718¢

At present, many fluorescent probes applied for the bioimaging
of CVDs have mainly been tested in small animals such as mice,
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the testing of these probes in larger-size animals such as rats,
dogs, and monkeys are still rare. Tang et al. thus synthesized a
novel AlEgen (BPN-BBT) with a D-A structure to visualize the
vasculature in large-size animals. In this probe, bisphenylna-
phthalen-1-amine (BPN) served as an electron-donating moiety,
while benzobisthiadiazole (BBT) served as an o-quinoid type
acceptor. BPN-BBT exhibited long wavelength absorption
(713 nm) and fluorescence emission (954 nm, the QY was
6.1%) and an intense emission tail extended to 1400 nm.
BPN-BBT showed high luminosity, excellent stability, and good
biocompatibility. Given the tail extension to 1400 nm, NIR-II
fluorescence imaging with BPN-BBT dots beyond 1200 nm
allowed the visualization of the rat brain vasculature with a
high spatial resolution (~4 pm) and deep penetration (700 pm).
Small vascular blockages could be observed in real-time at the
early stage of cerebral thrombosis. Further, the gastrointestinal
tract and bladder could also be observed with high contrast.'®”
In another study, Tang and Qian also developed a novel AlEgen,
named 2TT-0C26B NPs for vascular imaging collaboratively
(Fig. 13A). Within 2TT-0C26B, BBTD, the quinoidal structure
served as the strong electron acceptor accompanied with lower
band gap, alkyl thiophene served as the donor unit and
n-conjugation bridge, TPA with twisted structure served as the
molecular rotor to assure the formation of the TICT state, while
acting as a second donor unit to facilitate the charge transfer
(Fig. 13B). The 2TT-0C26B NPs could emit light up to 1600 nm
with a QY of 11.5% at the peak emission at about 1000 nm
(Fig. 13C), with a high SNR in the NIR-II region. In vitro, the
SNR and Gaussian-fitted full width at half maximum (FWHM) of
2TT-0C26B NPs were 3.1 and 0.32 cm, respectively. During
whole-body imaging, the SNR values at 1100, 1200, and
1500 nm LP were 1.1, 1.2, and 2.0, respectively, and the apparent
widths of similar vessels were 0.41, 0.56, and 0.58, respectively.
This study demonstrated that NIR-IIb imaging with 2TT-0C26B
NPs provided a high spatial resolution (Fig. 13D). Meanwhile,
the blood vessels close to the liver cannot be clearly imaged
using 1100 and 1200 nm LP but clearly in 1500 nm LP (Fig. 13D).
In cerebral vasculature imaging, high magnification through-
skull microscopic vessel imaging with 2TT-0C26B NPs revealed
the small vessel with an apparent width of only 10 pm (Fig. 13E).
In bowel imaging, the results at 1100 and 1200 nm LP were
blurry and the resolution was low, but 1500 nm LP provided a
high spatial resolution (~4 mm) and deep penetration (5 mm)
(Fig. 13F).'%®

Recently, with the development of the microscope technol-
ogies, many molecular designs and structural optimization of
AlEgens also emerged rapidly. For instance, Tang, Qian and
Liang constructed a novel AIEgen with excellent three-photon
absorption for vasculature imaging in normal and disease cells.
In this AlEgen, triphenylamine fragment was introduced to BTF
for enhancing the D-A strength, to endow BTF exhibiting a
large red-shift of about 230 nm to reach NIR region and multi-
photon absorption than the BTF analogue without the triphe-
nylamine moiety with high QYs in solid (42.6%) and aggregated
states (36.1%) (Fig. 14A-D). Encapsulated by Pluronic F-127 to
yield BTF dots, it can image cerebrovascular in real-time with a
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higher depth of up to 900 nm (Fig. 14E-G). More importantly,
the visualization of cerebral thrombosis process with this
AlEgen probe through the intact skull of mouse was reported
combined with multi-photon fluorescence imaging technology
(Fig. 14H and 1).'®°

Compared to conventional fluorescent compounds, AIEgens
show great advantages in the imaging of CVDs, including the
long wavelength emission in the NIR-IIb region that promotes
the bioimaging of deep tissues, high QYs that promote fluores-
cence intensity, high clarity, and enhanced SNRs, especially in
cerebral angiography,'®™'®> expand the progresses of CVDs.
Hence, they should be applied for bioimaging in more animal
and non-cancer disease models.

3.5 Neurodegenerative disease imaging

As stated above, neurodegenerative diseases result from the
chronic or acute but progressive and selective loss of functions
and structures in anatomically or physiologically associated
neuronal systems. At present, the process of neurodegeneration
is not fully understood and therapeutic targets are largely
unavailable. As a result, effective diagnosis, bioimaging, and
therapeutic strategies have not been developed. The nervous
system has a central regulatory function in the body. Hence,

1044 | Chem. Soc. Rev, 2023, 52,1024-1067

neurodegenerative diseases are often associated with language
impairments, personality changes, dementia, and progressive
muscle weakness, creating a heavy long-term burden for patients.
Thus, the bioimaging of neurodegenerative diseases is not only
beneficial for diagnosis but can also provide guidance for treat-
ment and effective monitoring. At present, the main modern
bioimaging technologies for the evaluation of neurodegenerative
disease pathology include PET, SPECT, and MRI, among
others."*'”” However, these applications are limited by the
hindrance caused by the BBB, high cost, involvement of hazar-
dous radiolabeled compounds, need for high-tech instruments,
relatively low spatial resolution and sensitivity, and application of
complex data acquisition and analysis protocols. Hence, more
effective methods need to be developed. Due to their multifold
advantages, including the ability to cross the BBB and through
skull and provide high-resolution fluorescence imaging, many
fluorescent probes have been constructed for the imaging of
neurodegenerative diseases. However, recent studies have demon-
strated that AIEgens exhibit multifold advantages over fluorescent
probes for the bioimaging of neurodegenerative diseases owing to
their advantageous properties,'>!*7-119:198-201

PD is a typical chronic and progressive neurodegenerative
disease that usually occurs in people aged 60 years and above, it

This journal is © The Royal Society of Chemistry 2023
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is characterized by resting tremor, slowness of movements,
rigidity, gait disturbance, and postural instability.>°> In a pre-
vious study, mitochondrial lipid droplets (LDs) were proven to
be central players in PD progression, excessive LD accumula-
tion due to metabolic production was found to cause neuronal
death.?®® Commercial agents, Nile Red and BODIPY, show the
shortcoming of low photostability, photobleaching, and ACQ,
which limits their applications in the long-term tracing of
disease progression. With AlEgen-based probes for LDs, their
detection becomes easier and long-term monitoring becomes
possible. Tang et al. prepared an AIEgen LD probe named
2-DPAN by inserting a 2-naphthalene group instead of phenyl
group for enhancing luminous efficiency. 2-DPAN could target
cellular LDs and accumulate selectively inside these cells,
emitting bright green fluorescence accompanied with high
photostability and excellent biocompatibility. Thus, the real-
time dynamic alteration of LDs after 6-OHDA stimulation could
be monitored (Fig. 15A and B). 2-DPAN exhibited a maximum
emission peak at approximately 550 nm without significant
shift in the aggregated state and a large Stokes shift (139 nm),
both beneficial for long-term monitoring that was not affected
by external environmental changes (Fig. 15C and D). Upon
incubation with SH-SY5Y cells, 2-DPAN could target LDs speci-
fically and in the PD model induced by 6-OHDA, 2-DPAN
can target to LDs of mitochondria only (Fig. 15E and F). In
molecular mechanism, following 6-OHDA stimulation, LDs
first showed rapid accumulation, however, the LDs were finally
released from damaged cells. In addition, 2-DPAN staining for

This journal is © The Royal Society of Chemistry 2023

LDs and mitochondria identified a negative relationship
between LDs and mitochondrial activity in the first two phases.
Thus, 2-DPAN exhibited good effectiveness in LD-based ima-
ging in PD models and could protect mitochondria and rescue
the effects of PD.”**

Myelin, a special structure that surrounds and insulates
neuronal axons, is a vital component of the central nervous
system. The pathological changes in myelin alter motor, sen-
sory, and cognitive abilities, thus inducing a series of neurode-
generative diseases, including multiple sclerosis*>> and AD.>*°
Owing to the important role of myelin in the central nervous
system, its visualization in brain tissues can facilitate the
diagnosis and monitoring of myelin-related diseases. However,
current fluorescent probes such as Vybrant DiD and Fluoro-
Myelin exert ACQ effects and low accumulation efficiency; as a
result, they produce a high background signal, provide low
staining contrast, and have low brightness, leading to a low
resolution and poor bioimaging results. To solve these pro-
blems, Chen et al. developed a novel AIEgen named PM-ML for
high-performance myelin imaging, which originated from
the advantages of AlIEgen probes. PM-ML (Fig. 16A) showed a
blue-shifted maximum emission from 705 to 670 nm when
suspended in over 80% PhMe/DMSO fraction, strong emission
(in 99.9% PhMe solution was 214-fold higher than that in pure
DMSO) and the QY increased to 8.5% from 0.05% (Fig. 16B and C).
PM-ML can target to plasma membrane with excellent targetability
(Fig. 16D) and could specifically label myelinated fibers in
teased sciatic nerves and mouse brain tissues specifically with
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a high SNR over FMR and DiD (Fig. 16E and F). Moreover, PM-
ML was also capable of providing a 3D visualization of myelin
sheaths, myelinated fibers, and fascicles at a high penetration
depth (30 um) (Fig. 16G). With the help of two-photon micro-
scopy, the depth of imaging could increase to more than
900 um. PM-ML was compatible with Clear” and Clear™ brain
tissue-clearing methods and showed excellent bioimaging per-
formance in a mouse model of multiple sclerosis (Fig. 16H).>"

Compared with conventional fluorescent probes, AIEgens
exhibit overwhelming advantages for better bioimaging out-
comes as follows: (i) the high BBB-crossing rate enhances the
results of fluorescence imaging; (ii) the high specificity of
AlEgens promotes precise and accurate bioimaging of disease
sites; and (iii) the high SNR enhances the resolution of bioima-
ging findings. In future, more rational design for the application
of AlEgens in the bioimaging of neurodegenerative diseases is
required.

3.6 Orthopedic disease bioimaging

Orthopedic diseases can arise from chronic or acute damage
and can create a heavy burden to patients in the long term.
Imaging plays an increasingly important role in understanding
the process of orthopedic disease progression and monitoring
any alterations that occur following different treatments. In the
clinics, radiography, CT, MRI, NMR, and ultrasound imaging
are usually applied for diagnosis and supervision. However,
these methods are time-consuming, expensive and do not
provide ideal results. Given the pathological alterations

1046 | Chem. Soc. Rev., 2023, 52,1024-1067

observed in orthopedic disorders dynamicly,’*"'**> compared

with these methods, fluorescence imaging for detecting these
alterations is more convenient and less expensive. Moreover, it
also provides a high spatial resolution.>*®>°° Similar to other
diseases, AlEgens also provide great advantages in the imaging
of bones and orthopedic diseases.”'®?'" For example, Zhang
et al. developed a novel AlEgen probe named PTB-EDTA for
monitoring the process of osteogenic differentiation following
efficient chelation with Ca*>". PTB-EDTA was synthesized with
an AlE-active TPE and benzothiadiazole-conjugated polymer
and ethylenediaminetetraacetic acid moieties (PTBEDTA) that
served as side chains. PTB-EDTA showed a Stokes shift as large
as 165 nm, with maximal absorption and emission at 429 and
594 nm, respectively. PTB-EDTA could target osteogenic differ-
entiated cells and the intracellular fluorescence gradually
increased with the long-term enhancement of osteogenic dif-
ferentiation over 14 days, it did not cause any obvious effects on
the survival and differentiation of osteoblasts. Thus, PTB-EDTA
could overcome the shortcomings of typical methods such as
Alizarin Red S staining in which cell growth needs to be
halted.”"" Thus, more AlEgens need to be designed for the
bioimaging of orthopedic diseases.

3.7 Inflammatory disease bioimaging

Inflammatory diseases are often induced by various ROS and
are also accompanied by sustained elevation of the ROS and
various kinds of cytokines. Consequently, the specific imaging
of elevated ROS production and cytokines at the inflammatory

This journal is © The Royal Society of Chemistry 2023
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level is undoubtedly beneficial for obtaining valuable informa-
tion on the pathological process of inflammatory diseases. It
can also help in optimizing therapeutic interventions. Among
the different versatile imaging modalities, fluorescence imaging
offers the advantages of high sensitivity, excellent temporal
resolution, high safety, and low cost. At present, various fluores-
cent probes have been applied for detecting the content of ROS
and imaging inflammatory diseases. However, the presence of
ACQ effects in these conventional fluorescent probes leads to a
“blinking” effect, preventing long-term imaging and causing high
cytotoxicity, which limits their further applications. On the con-
trary, AlEgens do not have photobleaching thresholds, show
stable fluorescence without “blinking” and provide low cytotoxi-
city and the additional property of a “fluorescence turn-on mode”,
which makes them perfect for the evaluation of inflammatory
diseases at a high resolution with long-term bioimaging.***>"”
Some inflammatory diseases are characterized and caused
by the elevated generation of ONOO.>'® To image the region
of inflammation, Tang et al. designed and synthesized a fluores-
cence light-up nanoprobe based on a new and distinctive imine-
functionalized TPE derivative, which was called TPE-IPB
(N-(2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-

This journal is © The Royal Society of Chemistry 2023

benzylidene)-4-(1,2,2-triphenylvinyl)aniline). TPE-IPB was pre-
pared via a condensation reaction between TPE-NH, and
phenylboronate-modified benzaldehyde under mild conditions
(Fig. 17A). The TPE moiety served as the AIEgen, the imine group
served as the emission mediator, and the phenylboronate served
as the recognition site for ONOO™. Then, the TPE-IPB-PEG probe
was formulated within a lipid-PEG matrix, it was non-fluorescent
in an aqueous solution and emitted intense yellow fluorescence
after reacting with ONOO™ at pH 7.4 (Fig. 17B). The TPE-IPB-PEG
probe showed emission with a maximum at 538 nm and the
fluorescence gradually increased with an increase in the concen-
tration of ONOO™. The fluorescence accumulation occurs within
the region of inflammation due to the enhanced permeability
and retention (EPR) effect because the blood vessels within this
region are permeable (Fig. 17C). Thus, the TPE-IPB-PEG fluores-
cence intensity was elevated with enhanced ONOO™ generation,
allowing the high-contrast imaging of the inflammatory site over
a long period (14 days) and promoting the imaging that was
achieved both in vitro and in vivo with good biocompatibility.**®
In another study, Tang et al. developed an AIEgen probe to image
the regions of inflammation within the brain.”** The AlEgen
named 2TT-0C6B was synthesized and contained both backbone
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distortion and rotor twisting characteristics. 2TT-0C6B exhibited
NIR-II emission at 1030 nm with a QY of 11%. To enhance the
targeting ability towards deeply located brain tissues, neutro-
phils (NEs) were used as carriers, which allowed the penetration
of brain tissues and accumulation at the site of inflammation.
Thus, NEs carrying 2TT-0C6B nanoparticles penetrated the BBB
and the deep-seated inflammation (front thickness of 8 mm and
back thickness of 0.5 mm) could be visualized across an intact
scalp and skull with a significantly enhanced SNR (30.6). The
SNR, speed, and depth of imaging were significantly superior to
those of the conventional ICG probes.?*® Therefore, AlEgen
probes are more suitable for the bioimaging of inflammatory
diseases.

3.8 Senescence bioimaging

As described above, senescence is characterized by the altered
expression of B-gal, SAHF, SASP, and other molecules. The
increased accumulation of B-gal is especially notable in senes-
cent cells. Beyond conventional methods like MRI and PET,
which have several limitations, fluorescent probes have become
a powerful tool for imaging senescent cells. Several fluorescent
probes have been developed for B-gal imaging,"**'*®**' but
they are vulnerable to ACQ effects, which reduces the quality of
imaging results. Given their AIE effects that are in contrast to
the ACQ effect, AIEgens have attracted much interest in the
imaging of senescent cells and excellent results have been
achieved.””™" For instance, Jia et al synthesized a new
fluorescent AIEgen probe named TPh-PyBz-B-gal that contained
a novel AIE fluorophore and a receptor unit, a p-galactose

1048 | Chem. Soc. Rev., 2023, 52,1024-1067

residue connected by glycosidic bond to enhance B-gal targeting.
TPh-PyBz-f-gal showed a peaked emission at 605 nm and can
visualize -gal-expressing cells after the cleavage of the glycosidic
bond, increasing the fluorescence signal at 605 nm, which
provided a high resolution obviously."*® In another study, Kim
et al reported the development of an o-i-fucosidase (a-fuc)-
responsive AIEgen named QM-Nhafuc for in vivo cellular senes-
cence detection and imaging. When the proportion of water in
the water/tetrahydrofuran solution exceeded 80%, the fluores-
cence of QM-NH, increased sharply with an emission maximum
centered at 586 nm and remained stable even in 100% water
solution. Within QM-Nhafuc, the a-fucopyranoside unit pro-
vided the formation of loosely packed nanostructures with large
internal free volumes and o-fuc led to the release of QM-NH,
from QM-NHafuc promoting the formation of tightly packed
QM-NH, nano-aggregates, characterized by an intense AIE
fluorescence. QM-NHuafuc could be used to effectively evaluate
the onset of replicative and ROS-, ultraviolet A (UVA)-, and drug-
induced senescence. Moreover, QM-Nhafuc could also help in
identifying senescent cells that lacked P-gal expression and
enabled in vivo non-invasive real-time senescence tracking
(Fig. 18).*** These findings show that the high bioimaging
capability and selectivity of AIEgen probes support their applica-
tions for in vitro and in vivo senescence bioimaging over
traditional fluorescent probes.

In other diseases or biological processes beyond the above-
mentioned diseases, the novel AIEgens were also developed for
imaging in vivo, such as the OTPA-BBT dots that were synthe-
sized for non-invasive fluorescence hysterography in near-

This journal is © The Royal Society of Chemistry 2023
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infrared IIb window,” CSMPP with lysosome targeting capability
for monitoring tissue regeneration.”** On the other hand, more
attention is valuable to put into the field of rare diseases.

4. Bioimaging guided treatment of
noncancerous diseases with smart
AlEgens

Similar to cancer, which is characterized by various abnormal
features such as a low pH value, hypoxia, high content of
ROS, aberrant metabolism, and altered gene expression and

modifications, noncancerous diseases can also be identified
based on typical features that differentiate affected tissues from

This journal is © The Royal Society of Chemistry 2023

normal tissues at the molecular and tissue levels. From the
viewpoint of therapeutics, simple and effective strategies are
valuable pursuits in the fundamental and clinical research.
Traditional probes and therapeutic agents usually have a single
function - they help with only detection, bioimaging, or treat-
ment. However, they can rarely be incorporated into theranostic
platforms and multi-step rational design becomes necessary.
However, AlEgens possess multiple properties that confer them
with great advantages over traditional probes and therapeutic
agents, these properties allow not only imaging but also endow
them with the potential for applications in therapeutic modalities.
They can be used as drug delivery platforms®*® for photothermal
therapy (PTT),”****” photodynamic therapy (PDT),>*® radiotherapy
(RT),>* sonodynamic therapy (SDT),*** immunotherapy,”" and
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synergistic therapy.>**>**
“all-in-one athletes” for disease detection, diagnosis, bioima-
ging, and therapeutics. More importantly, ATEgens show good
biocompatibility and biosafety that are prerequisites for biolo-

Accordingly, AIEgens are regarded as

gical applications. Until now, a lot of AlEgens have been proven
to serve as excellent therapeutic platforms for the bioimaging-
guided treatment of non-cancer diseases with extreme specificity
and effectiveness. Therefore, the latest advances in AIEgen-based
bioimaging-guided therapeutic applications for non-cancer dis-
eases are summarized in this section.

4.1 Infectious disease therapeutics

As described in the previous section, bacteria, fungi, and
viruses are the three main pathogens causing infectious dis-
eases and several infectious diseases show high transmission
speeds and multiple transmission routes and cause severe
acute damages. For example, COVID-19 continues to threaten
public health around the world even 3 years after it was first
detected. The effective ways of stopping infectious diseases
include the inhibition of pathogen multiplication, cutting off
of routes of transmission to prevent broad transmission, and so
on. Thus, greater efforts are needed urgently. Compared with
chemotherapy for infectious diseases, treatment with AIEgen-
based modalities has shown prominent outcomes in terms of
protection®**?3¢ and therapeutics.>*”>%8

The most effective method to cure an infectious disease is to
kill the pathogen completely. PDT has received great interest
owing to its high-precision treatment of infectious diseases.
In the article published in Nature Photonic, Dr Nicholas
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Kipshidze proposed PDT as an effective method for combating
COVD-19.2*?%° In PDT, photosensitizers (PSs) and light irra-
diation are employed to induce the generation of various ROS.
The ROS, in turn, induce oxidative damages in biological
molecules, including nucleic acids, proteins, and lipids, which
induce an irreversible death cascade to kill the virus, this
technique has a lot of advantages, including its minimally
invasive nature and low systemic toxicity.

The outcomes of PDT are directly linked to the PS employed
during treatment. However, owing to their coplanar structures,
most PSs show an extensive decrease in fluorescence intensity
and ROS-sensitizing efficiency with time. Under these circum-
stances, agents such as AIEgen with excellent ROS generation
capabilities that help in overcoming these shortcomings and
achieve good treatment outcomes can be immensely
valuable.”*! For example, Chen et al. developed a new AlEgen
(DTTPB) to efficiently inactivate the human coronavirus
(Fig. 19A). DTTPB was made up by constituents of a hydrophilic
head and two hydrophobic tails, thus, mimicking the structure
of phospholipids on biological membrane phospholipids
(Fig. 19B). It had a broad absorption band covering the com-
plete visible light range (maximum at 505 nm) and also showed
fluorescence emission (606 nm) and high molar absorptivity
(5.4 x 10* L mol " em ™) in vitro, these effects were accompanied
with its superior ROS-sensitizing ability (Fig. 19C and D). Based
on the hydrophilic head and hydrophobic tails, DTTPB could
target the membrane and bind to the envelope of human
coronaviruses (Fig. 19E), following NIR laser irradiation, it
exhibited excellent antiviral effects via generating high levels of
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(A) Diagram of the PDI process of coronaviruses with DTTPB. (B) The chemical structure of DTTPB. (C) Diagram of DTTPB structure and the

interaction with membrane structure. (D) The PL spectra of DTTPB, inset: photograph of DTTPB in PBS solution with or without DOPC under UV lamp.
(E) Co-localization of DTTPB in Hela cells. (F) The PL spectra of DTTPB. (G) Structural characteristics of (left) COVID-19 and (right) foot-and-mouth
disease virus. (H) Immunofluorescent staining of PDT against virus. Adapted with permission from ref. 242. Copyright 2019 American Chemical Society.
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ROS and inducing a complete loss of infectivity (Fig. 19F-G).>*>
Other AlEgens, including PSGMR, were also shown to fight
SARS-CoV-2, the virus causing COVID-19, via the disruption of
cellular mitochondria,>** 2TPE-2NDTA was also applied for
PTT,*** aimed at fighting against SARS-CoV-2 and achieved good
outcomes.

Fungi are another pathogens that cause severe infectious
diseases. To treat a fungal infection, Tang et al. developed a
novel AlEgen platform named DPNAP to selectively combat
fungi (Fig. 20A). A salicylaldehyde Schiff-base with hydroxyl
groups was introduced into DPNAP, it not only endowed the
ability of strong ROS generation capability and AIE activity via
extending conjugation and the restriction of intramolecular
rotation, but also endowed the good selectivity towards Gram-
positive bacteria and fungi and acid-responsiveness (Fig. 20B).
The nanoplatform showed strong fluorescence emission at
about 560 nm (Fig. 20C and D) and excellent PDT efficiency
(Fig. 20E). DPNAP could recognize fungi and label them with
bright fluorescence, which was not observed for bacteria and it
exerted PDT effects against multiple microbes (Fig. 20F-I).
Moreover, DPNAP was capable of eradicating a supergerm of drug
resistant fungi (methicillin-resistant S. aureus) (Fig. 20J-L).>*>

In the past years, tuberculosis (TB) represents a large public
health burden worldwide. It is a disease caused by Mycobacterium
tuberculosis (M.tb) infection. At present, there are no effective
methods for completely curing TB. For achieving excellent PTT
and PDT effects, red/near-infrared (NIR) emissions that can

View Article Online

Chem Soc Rev

penetrate the deep tissue affected by TB are required. Under these
circumstances, Huang et al. performed anti-TB treatment using
an AlEgen as a drug (rifampicin) carrier. The AlEgen (TTD) fluo-
rophore, (2,6-bis((E)-4-(phenyl(4’{(1,2,2-triphenylvinyl)}{1,1’-biphenyl}
4-yl)amino)styryl)-4H-pyran-4-ylidene)malononitrile, possessed
photosensitizer characteristics. The RIF-loaded AIE carrier
(TTD + RIF NPs) was synthesized using a modified bottom-up
approach (Fig. 21A). TTD showed strong fluorescence intensity
at 633 nm. The TTD + RIF NPs could target preliminary
granulomas formed at the early stage of infection in zebrafish
embryos and a mouse tail mode and tracked the granuloma in
zebrafish granuloma mode (Fig. 21B and C). Following white-
light irradiation, they could release the loaded rifampicin (RIF),
achieving chemotherapy and induce the generation of ROS for
PDT, as a result, they could achieve the fluorescence imaging-
guided synergistic treatment of persistent bacteria that were
capable to induce TB (Fig. 21D-G). Moreover, TTD + RIF NPs
also exerted robust antibacterial effects against clinical drug-
resistant bacterial strains causing TB.?*® In another study, the
AlEgens (TTD NPs) were applied as the fluorophore for imaging
and imaging-guided PDT (UCNP@pyrolipid) against TB.>*’
The treatment of bacterial diseases using AIEgens is a hot-
spot of the research at present. Many studies have revealed that
AlEgens can serve as photosensitizers for phototherapy in PTT
and PDT and effectively kill bacteria, thus curing infectious
diseases, even in drug-resistant cases.>>***"**® For instance, to
expose bacteria hiding within host phagocytes and thus prevent
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phagocyte disorders and subsequent local and systemic tissue
damages, Liu et al. developed a HClO-activatable AIEgen nano-
platform in which an AIEgen served as a theranostic nanoprobe,
named DTF-FFP NPs, to achieve bioimaging-guided bacterial
ablation in phagocytes (Fig. 22B). DTF-FFP NPs were synthesized
by the nanoprecipitation of an HClO-responsive FFP, an efficient
PS DTF. The encapsulation matrix was Pluronic F-127 (Fig. 22A).
By serving as energy acceptor, FFP quenched both fluorescence
and the production of ROS of DTF, eliminating the phototoxicity
of DTF-FFP NPs in normal cells and tissues. The DTF NPs without
FFP exhibited brilliant fluorescence emission around 660 nm
under the excitation at 488 nm (Fig. 22C). When DTF NPs were
added to different concentrations of HCIO, they emitted red
fluorescence intensity (near 800 nm) constantly (Fig. 22D) and
with the addition of HCIO combined with light irradiation, the
ROS generation was increased effectively (Fig. 22E). DTF-FFP NPs
targeted to S. aureus hiding within the lumen of RAW264.7 cells

1052 | Chem. Soc. Rev., 2023, 52,1024-1067

in vitro (Fig. 22F), upon light irradiation, S. aureus was killed
effectively via PDT effects (Fig. 22G). Delivered to the infection
sites in vivo, DTF-FFP NPs also emitted red fluorescence and
efficiently generated ROS owing to the degradation of FFP by the
high content of HCIO in phagocytes for fluorescence imaging-
guided precise PDT against bacteria (Fig. 22H).>*® Thus, this study
confirmed the selective activation of fluorescence and photosen-
sitization via AIEgens owning high effectiveness and theranostic
potentials in precise bacterial therapy.

Compared to chemotherapy, AIEgen-based therapeutic stra-
tegies such as PDT and PTT show higher therapeutic efficacy in
the treatment of infectious diseases, these strategies help in
completely and directly killing pathogens and overcoming
obstacles caused by drug resistance. More importantly, the
high targeting capability of these techniques guarantees precise
ablation and decreases any potential adverse effects. Therefore,
more applications should be developed.

This journal is © The Royal Society of Chemistry 2023
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4.2 Injury therapeutics

Injury can occur in daily life due to trauma, burns, surgeries,
traffic accidents, and toxin consumption. Hence, the rapid
and appropriate treatment of injuries is required to prevent
concomitant deterioration and disease development or even
substantial morbidity and mortality. Notably, infectious injuries
caused by microbes are difficult to heal fully. An ideal injury
dressing that enables immediate wound closure and patient-
specific treatment and shows effective antibacterial action is
highly anticipated. However, conventional injury dressings can
only provide wound closure and slowly promote the injury-
healing process. Because of their excellent imaging capabilities
and feasible therapeutic applications, AIEgens have been applied
in the imaging-guided treatment of injuries.>®” Tang and Zhao
developed a novel AIEgen therapeutic nanoplatform for dressing
long-term antibacterial activity during the wound healing pro-
cess (Fig. 23A and B) based on a typical AIEgen (TBP). The UV-vis
spectra showed that TBP owned a wide absorption arrange from
400 to 600 nm, absorption peaks at 500 nm and the peak
emissions of TBP and TBP/TCL occurred at about 737 nm
(Fig. 23C and D). When S. aureus and MRSA were irradiated by
white-light illumination after incubation with TBP/PCL nano-
fibers, significant ROS generation and enhanced bacterial killing
efficacy via PDT were observed (Fig. 23F and G), which kept the
excellent biocompatibility and promoted the induction of
inflammation effectively, acceleration of wound healing signifi-
cantly (Fig. 23H-L). More importantly, TBP/PCL demonstrating
its potential in the management of emergencies.”>® Another
novel AlEgen, triphenylethylene-naphthalimide triazole (TriPE-NT),

This journal is © The Royal Society of Chemistry 2023

was also synthesized by Tang and colleagues for staining and
killing multidrug-resistant (MDR) Gram-positive and Gram-
negative bacteria via efficient PDT effects, thereby promoting
the healing of MDR bacteria-infected wounds.”*® With the
exception of infectious injuries, the treatment of other injuries
such as liver injury can be developed further with more rational
designs.

4.3 Cardiovascular disease therapeutics

CVDs are serious causes of death around the world and often
show sudden onset. Although drugs have proven effective in
treating CVDs to a certain degree, the demand for better
therapeutic strategies persists. Previous studies indicate that
the biogenesis of various CVDs is complicated. Hence, syner-
gistic therapeutic strategies for all-in-one treatment appear to
be the future trend of the fundamental research and clinical
applications. For example, in ALS, it is important to target
plaques, reduce local inflammation, and remove lipid bodies in
order to achieve comprehensive ALS therapy.'®* By exploiting
ROS overexpression as a marker and stimulus for ALS therapy,
Wang and Li developed a novel therapeutic platform for
achieving ALS detection and imaging-guided therapy. In this
platform, a two-photon AlEgen (TP) was linked to B-cyclodextrin
(CD) via an ROS-responsive bond and loaded with prednisolone
(Pred) in the entocoele via supramolecular interaction. Accordingly,
a two-photon fluorophore-cyclodextrin/prednisolone complex
(TPCDP) was prepared. Then, TPCDP was packaged into nano-
sized micelles based on an ROS-sensitive copolymer poly (2-
methylthio ethanol methacrylate)-poly(2-methacryloyloxyethyl
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phosphorylcholine) to obtain TPCDP@PMM for ALS diagnosis
(Fig. 24A and B). Based on the aggregation in water solution
and the reconstituted aggregation of TP by the hydrophobic
interaction, the fluorescent spectra revealed that TPCDP@PMM
showed a strong fluorescence emission in pure water and H,O,
solution at about 580 nm (Fig. 24C), indicating the wonderful
adaptation for the bioimaging of TPCDP@PMM at the athero-
sclerotic site and the Pred was released from TPCDP@PMM
responsive to increase of H,0, content (Fig. 24D). After accu-
mulation in atherosclerotic tissues through the damaged
vascular endothelium, TPCDP@PMM responded to local ROS
overproduction and the lipid-rich environment, TPCDP was
disintegrated and the Pred was released. The TP within TPCDP@-
PMM allowed a distinct two-photon AIE imaging (Fig. 24E-G) for
ALS recognition for ALS detection, and the Prep exerted anti-
inflammatory and lipid removal effects for two-photo fluorescence
imaging-guided ALS inhibition by downregulating the expression
of inflammatory proteins and cytokines (Fig. 24H-]).>*° In another
study, a novel AlEgen, DPA-SCP, acted as the fluorescent probe

1054 | Chem. Soc. Rev,, 2023, 52, 1024-1067

and allowed the tracking of extracellular vesicles from mesench-
ymal stem cells, it helped in rescuing the function of mitochon-
dria to treat renal ischemia-reperfusion injury.”** With regard to
the treatment of CVDs, the therapeutic capacity of AlEgens has
not been fully utilized beyond their excellent imaging of drug
delivery capabilities. Therefore, more endeavors are needed to put
forth additional effective modalities for CVD treatment based on
novel AIEgens.

4.4 Neurodegenerative disease bioimaging-guided
therapeutics

With aging population, the burden of neurodegenerative dis-
eases is expected to increase sharply. A complete understanding
of the molecular mechanisms causing these diseases is currently
lacking, due to which effective treatments have not been devel-
oped successfully. Meanwhile, due to the complex structure of
the brain, imaging is important for guiding the therapy. Unlike
in theranostics in the field of cancer, which combines various
therapeutic modalities, AlEgens are seldom applied for the

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00610c

Open Access Article. Published on 05 January 2023. Downloaded on 1/23/2026 4:23:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

6.0x10°

View Article Online

Chem Soc Rev

12h

Deep (um)

by -
H
@D ruccomsser (@) rosmcens S
E 4.0x10°
T vsMes oxLoL w Sacrifice
-
B 5
B 2.0x10° 0 1 2 4 0 1 o B
—_—, Iv] ; I A I A A A A I A A A 1 1 1
o Weeks
L c ich and high-fat diet ————
4 0.0 J
) 6h 12h 24h -
| - -
e ?«-Q Seo%) — —
- A, Saline Pred TPCD@PMM TPCDP@PMM £
= -~ QT o _ > » o 5
a WOt o Al x 3§ Al o SA7 L geon
i ’— { r ) i 3 Fy
PUEMACUIC (P} r ) | [ 2 —
C 350 %‘ ! { Ems
H0 ©120% Control —+— 1 mM H20 B ! i } h g
300 50%DMSO [ & 1 mM Hp0, & 6 mM Cholesterol Q R 8 :
i 1 mM H202 3100% ! ¥ h { '5 p L Saline Pred TPCD TPCOP
= ° L = -— = ans gpa
7} X 80% =
£ 200 P 3 S
£ 150 2 60% Pred TPCD@PMM TPCDP@PMM :“* .
- © L5 2
e S 40% 3 B 30
. 100 £ ‘ 2 -
- o £ 20%
5 3 20% ‘{ n g
Q o 2 10%
— < 0% & \ H
0 - o r § 2
450 500 550 600 650 700 750 0 6 12 18 24 30 36 42 48 & A O Suine Pred TPcD TPCOP
Wavelength (nm) Time (h) - & - — - @PMM @PMM

Fig. 24

(A) Diagram of TPCDP@PMM for atherosclerosis plaque recognition and inhibition. (B) Illustration of TPCDP@PMM preparation and its

responsive behavior. (C) The fluorescence spectra. (D) Accumulative Pred release. (E) The ex vivo fluorescence images and (F) quantitative results of
TPCDP@PMM. (G) The projection image of atherosclerotic plaques. (H) Treatment protocol. (I) Photographs of ORO-stained en face aortas and
(J) quantitative results of the ORO positive areas. (K) Sections of aortic arch stained with ORO and (L) quantitative analysis. Adapted with permission from
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treatment of neurodegenerative diseases. Based on the patholo-
gical characteristics of AD, i.e., excessive AR accumulation (fibrils
and plaques) and the subsequent activation of neurotoxic cas-
cades, under these conditions, Tang, Li and Gao collaboratively
developed two new AlEgens named Cur-N-BF, and Cur-O-BF,
with strong D-A structural features and TICT effects, for the
detection and treatment of AD under the guidance of fluores-
cence imaging (Fig. 25A), which was especially important
because AP itself causes the quenching of some fluorescent
probes. The maximum fluorescence emissions of Cur-N-BF,
and Cur-O-BF, were observed at 572 and 655 nm and the QYs
were 14.0% and 1.2%, respectively (Fig. 25B-E). In HT22 cells,
Cur-N-BF, - but not Cur-O-BF, - exhibited excellent biosafety, its
fluorescence intensity was even higher in the presence of AB;_4,
fibrils in vitro and selectively stained these fibrils in vivo
(Fig. 25F-H). More important, Cur-N-BF, inhibited the fibrilla-
tion of AP and promoted the disassembly of A fibrils, protecting
the neuronal cells from the toxicity of AB (Fig. 25I)."'® More,
DNTPH was also developed for detection and imaging-guided
therapy against AD***> and a UCNP-peptide-AlEgen nanoprobe
loading siMMP3 was constructed for detection and imaging-
guided therapy against PD.*®®> Meanwhile, Liu et al. developed a
novel AlEgen-based amyloid inhibitor probe named AIE@amy-
loid by site-specific conjugation of an AlEgen with amyloid
proteins, AP and a-synuclein (aSN) to help the screening of drug.
The AIE-amyloid probe alone exhibited strong fluorescence

This journal is © The Royal Society of Chemistry 2023

emission at ~480 nm due to amyloid-like aggregation, but
showed no fluorescence in the presence of amyloid inhibitors
that prevented amyloid aggregation. By combining the AIE@-
amyloid probes with computational virtual screening, a drug
named tolcapone was screened out. Tolcapone could inhibit
both the aggregation and cytotoxicity of Ap and oSN and its
administration led to significant improvements in spatial cogni-
tion and recognition in AP-treated mice.”** Up till now, few
studies have reported the capability of AIEgens in combination
with different modalities for the treatment of neurodegenerative
diseases. Since there are great advantages of AIEgens in terms of
the detection and bioimaging of neurodegenerative diseases,
therapeutic strategies are urgently needed.

4.5 Surface organ-associated disease therapeutics

Surface organs, including the skin, mouth, nose, ears, and eyes,
play different functions and provide primary protection from
external agents. The rapid treatment of any damage to these
organs can help in preventing further internal deterioration
and concomitant disease development, especially in the case of
infection with drug-resistant microbes. Among these organs,
the eye is the most vulnerable. Thus, more methods are needed
to effectively treat any eye damage. Due to their high targeting
capability and multi-functional effects in simultaneous
bioimaging-guided therapy, AIEgens show great potentials in
the treatment of surface organ-associated diseases.”***%°

Chem. Soc. Rev,, 2023, 52,1024-1067 | 1055
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Keratitis is a serious ocular disease caused by microorganisms,
it represents a major treatment challenge and often results in
ocular morbidity and blindness.?®” Tang and Shi developed three
AlEgens, named IQTPE-20, IQ-Cm, and IQ-TPA (Fig. 26A), all
three AlEgens had a cationic isoquinolinium (IQ) moiety and
appropriate hydrophobicity, for selective photodynamic killing of
fungi and efficacious treatment of keratitis (Fig. 26B). These three
AlEgens showed the absorption maximum wavelengths at around
430, 440, and 450 nm, respectively, with extinction coefficients of
about 104 M~ ! em ™, and emission peaks at about 600, 650, and
610 nm with high QYs (5.1%, 14.1% and 19%, respectively)
(Fig. 26C). Upon incubation with bacteria and cells, the three
AlEgens can target to the mitochondria of C. albicans only but not
normal mammalian cells (Fig. 26D), following white light irradia-
tion, the irreversible damage to fungal mitochondria and further
death were induced by effective generation of ROS ('0,), thus
killing the bacteria effectively (Fig. 26E). Among the three AIEgens,
IQ-TPA showed the most superior PDT efficiency against fungi
and also produced negligible toxicity in mammalian cells. Thus, it
can achieve the selective and highly efficient killing of keratitis-
causing fungi. This PDT strategy showed better therapeutic
outcomes in treating fungal infections in a rabbit model than
the clinical standard, rose bengal (Fig. 26F-1).>°® This AlEgen
was the first trail, which was applied for the detection, imaging-
guided therapeutics of keratitis. Meanwhile, many diseases

1056 | Chem. Soc. Rev,, 2023, 52,1024-1067

affecting the surface organs require better therapeutic
strategies. Therefore, based on the excellent advantages of
AlEgens, attention should be drawn to their applications in
this regard.

4.6 Bioimaging-guided therapeutics of orthopedic diseases

Compared with cancer and other diseases, orthopedic diseases
lack effective methods for imaging and treatment. The devel-
opment of therapeutic AIEgens for other diseases brings hope
for overcoming these existing problems. In orthopedic dis-
eases, inflammation and the overgeneration of ROS are often
present. Wang et al. developed a theranostic nanoplatform
(TPP@PMM) with ROS-responsive behavior for two-photon
AIE bioimaging. They used this platform for the diagnosis
and treatment of acute lung injury, arthritis, and atherosclero-
sis (Fig. 27A and B). TPP@PMM was generated by attaching
Pred to a two-photon fluorophore (TP) via an ROS-sensitive
bond to obtain TPP, which was encapsulated within the amphi-
pathic polymer PMPC-PMEMA (PMM) through self-assembly
into core-shell micelles (Fig. 27C). The TPP@PMM platform
showed a maximum emission at about 600 nm (Fig. 27D) and
the Pred was responsive to the higher ROS (H,0,) content to
release the Prep (Fig. 27E). Upon incubation with RAW264.7
cells, TPP@PMM was internalized rapidly to inhibit the gen-
eration of inflammatory cytokines, including TNF-o, IL-18 and

This journal is © The Royal Society of Chemistry 2023
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MPO. TPP@PMM also exhibited distinct single-photon and
two-photon florescence emissions, which enabled a distinct
dimensional bioimaging of inflammation location with mini-
mum autofluorescence interference and deeper imaging pene-
tration. The vasculature at inflammatory tissue in the joint
from arthritic mice induced by type II collagen is leaky, which
attributed to the extravasation of TPP@PMM that promoted the
targeting to joint with inflammation significantly (Fig. 27F-H).
Then, the excessive ROS triggered micelle disassembly, the
drug was delivered accurately, and reversed the deterioration
of rheumatoid arthritis (Fig. 27I). Accordingly, the theranostics
of the TPP@PMM platform achieved a high-resolution inflam-
mation diagnosis and two-photo fluorescence imaging-guided
efficient anti-inflammatory action.>*® This above study revealed
the excellent bioimaging potentials of AlEgens in orthopedic
diseases and their advantages over traditional probes, com-
bined with their ability to provide chemotherapy and imaging-
guided treatment. However, the complete applications of

This journal is © The Royal Society of Chemistry 2023

AlEgens in therapy have not been achieved yet and much
attention must be drawn to this area.

4.7 Inflammatory disease therapeutics

Inflammatory diseases are refractory diseases that often result
from infection by various pathogens and they contribute to the
pathogenesis of various other diseases. At present, the induc-
tion of oxidative stress is a common and effective approach for
the elimination of pathogens and imaging can promote
improved therapeutic outcomes in clinical practice. Unlike
conventional fluorescent dyes and therapeutic agents, AIEgens
do not need to be incorporated into multicomponent systems,
thus providing significant advantages.*'*> For example, Wu et al.
developed a nanosystem (QM@®@EP) for oral administration and
the detection of colitis, followed by targeted drug delivery to the
colon (Fig. 28A). QY-SN-H,0, was based on an AlE-active
chromophore QY-SN-OH with pentafluorobenzenesulfonate
moieties, which could recognize the inflammatory biomarker

Chem. Soc. Rev., 2023, 52,1024-1067 | 1057
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H,0, and act as a fluorescence quencher. Meanwhile,
poly(lactic-co-glycolic acid) (PLGA) served as the sustained
release excipient, whereas Eudragit™ S100 was the excipient
enabling the pH-controlled release of the drug formulation in
the colon, while preventing premature release in the stomach
(Fig. 28B). QM@EP emissions were ranged in 910-1200 nm
(centered at 935 nm) (Fig. 28C) and showed ROS- and H,0,-
responsive releases (Fig. 28D). Following oral administration in
an animal model of ulcerative colitis, the pentafluorobenzene-
sulfonate moieties in QY-SN-H,0, were cleaved and activated
by the H,0, and ROS present in the inflammatory environ-
ment, generating the AlE-active chromophore Q-SN-OH, as a
result, strong fluorescence and PA signals were observed,
enabling NIR-II fluorescence imaging (Fig. 28E) and MSOT
imaging (Fig. 28F)-guided therapeutic efficacy against ulcera-
tive colitis through inhibiting the information of NLRP3
inflammasome (Fig. 28G and H).>'® BPN-BBTD, another type
of AlEgen, was found to be capable of imaging-guided surgery
in the treatment of IBD."*® Owing to their tunable emission
wavelengths, AlEgens could contribute to the treatment of
inflammatory diseases, even in deep tissues. However, reports
on their applications in this area are limited, calling for new
AlEgen-based strategies targeting improvements in therapeutic
outcomes.

4.8 Senescence therapeutics

Senescence is an inevitable and natural process observed in all
living systems. A senescence-associated secretory phenotype
promotes the immune clearance of cells, driving chronic sterile
inflammation and inducing a series of aging-related diseases.
So far, some senolytic drugs, such as dasatinib, quercetin, and
curcumin, have been developed for reducing the rate of
aging.”’® Other strategies have also been adopted to reduce
senescence, including heterochronic blood exchange.>”* These
methods have shown positive effects in reducing senescence
and its effects. However, senescent cells can promote senes-
cence in normal cells. Thus, the timely elimination of senescent
cells can also reduce the negative impact of senescence-related
processes. Disappointingly, there is currently no effective tool
for the guided and specific removal of senescent cells. By taking
advantage of fluorescence imaging-guided therapy, Yang et al.
designed a molecule called TPE-ETh-R-GFFY(gal)ERGD (Comp.
1) that can serve as a substrate for B-Gal and thereby generated
TPE-ETh-R-GFFYERGD (Comp. 3). Subsequently, the supramo-
lecular assembly of TPE-ETh-R was generated. This component
showed fluorescence and an ROS-generating capacity, the
TPE-ETh-R was found to exhibit fluorescence emission at
680 nm following aggregation. Meanwhile, Comp. 1 exhibited
no fluorescence. Therefore, Comp. 1 could label and target
senescent cells that overexpress f-Gal. Under white-light irra-
diation, higher levels of ROS could be detected, achieving PDT
and completely killing senescent cells.'*® This first work
inspired the further exploration of AlEgens in treating senes-
cence. Owing to the excellent bioimaging capability of AIEgens
and their therapeutic potentials in killing senescent cells,
AlEgens could serve as excellent senolytic agents.

This journal is © The Royal Society of Chemistry 2023
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5. Perspectives and conclusions

Noncancerous diseases encompass a wide range of diseases
that threaten public health and survival, beyond cancer and
natural disasters. Due to a lack of unified criteria for disease
classification, in the present review, we classified noncancerous
diseases into the following categories: infectious diseases,
wounds or injuries, metabolic diseases, CVDs, neurodegenerative
diseases, orthopedic diseases, surface organ-associated diseases,
inflammation, mental disorders, autoimmune diseases, and
senescence. Each of these categories contains a group of specific
diseases. Among these diseases, there is a close association and
cascaded interaction between different diseases. Unfortunately,
there is a lack of clear biomarkers for the detection and diagnosis
of these diseases and specific targets for effective treatment are
also lacking. Although innumerable efforts have been dedicated
to strategize and develop solutions, the results remain far below
expectations. Hence, advanced theranostic-based strategies are
being pursued as part of both the fundamental and clinical
research and will likely remain a hotspot of the research in the
near future.

The past few decades have witnessed a dramatic development
of nanomaterials for biomedical applications, especially the
treatment of cancer.””> Among all these nanomaterials, AIEgens
are emerging as a group of luminescent nanomaterials that
appear non-emissive when present as single molecules but show
intense emission upon aggregate formation. They can thus help
in overcoming the shortcoming caused by the notorious ACQ
effects seen in traditional fluorescent molecules and generate
new avenues of applications and the research across many
fields.””® Meanwhile, AlEgens have been proven to show multi-
functional effects, which demonstrate their values in synergistic
therapies. So far, AIEgens have helped in significantly promoting
the development of bio-nanomedicines owing to their intrinsic
properties, such as bright emission in the aggregate form, good
biocompatibility, high photobleaching threshold, and high SNR,
among others. Thus, AIEgens can be used to create effective tools
for disease detection, bioimaging, and therapy in noncancerous
diseases via rational design and fabrication and they have shown
promising results in all aspects.”®**?”*>’® As detailed and
discussed in the previous sections of this review, AIEgens exhibit
a range of excellent properties, following rational design and
incorporation into nanoplatforms, they can be applied further
for efficacious and simplistic theranostics in patients with non-
cancerous diseases.

Despite the remarkable progresses in the application of
AlEgens in the diagnosis, bioimaging, and treatment of non-
cancerous diseases, the research remains in its infancy and
there has been limited scientific exploration. In some fields,
inroads are yet to be made. From our perspective, there are
several key challenges that need to be addressed before the
further applications of AIEgen-based nanomaterials in the
broader research and their clinical translation. The examples
covered in this review demonstrate the following: first of all, the
exploration and application of AlEgens to specific diseases,
such as metabolic diseases, senescence, mental disorders, and
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autoimmune diseases, can be expanded further, especially with
respect to therapeutics. Second, although the AIEgens and
related NPs show reasonable in vitro and in vivo biocompatibility
and long-term stability,>”” there are few studies on their bio-
interaction and their wide-ranging biological effects remain to
be explored in detail.>’® Thus, the simplification of the design
and the integration of nanoplatforms are required, along with a
more comprehensive assessment of the alteration in biological
systems. The biological degradation and metabolism of these
compounds and the absence of obvious biological effects also
need to be ensured. Third, inspired by the previous studies of
other nanomaterials associated with negative roles of the
nanomaterials-induced endothelial leakiness (NanoEL effect)
in bio-nanomedicine,>”*2%* one should be vigilant with the
NanokEL effect in further applications and the utilization of the
NanoEL effect combined with EPR effect and other targeting
assistants could further enhance the targeting capability of
AlEgen-based nanoplatforms.”®*?#* Thus, the NanoEL effect is
valuable to be explored for further and better applications in the
field of AlEgens and non-cancer diseases. Fourth, more endea-
vors are necessary to elucidate the biological effects of AIEgens
and their potentials for in vivo treatments in other non-tumor
disease modelss beyond rodents. Tests must be conducted
toward larger-size animals with more complicated tissues and
organs in order to facilitate clinical translation in the future.
Finally, as proposed by Prof. Liu, the short-wavelength absorp-
tion, broad emission, and aggregation-dependent brightness of
AlEgens limit their practical performance in multiple areas of
biomedicine.*®> Although various approaches have been devel-
oped to overcome these shortcomings, more convenient, easy,
and effective strategies are still urgently needed. In other words,
more novel AlEgens with longer wavelength absorption that can
be extended to the NIR-IIb range, the narrow emission spectra,
and aggregation-independent brightness will be the key to over-
coming these aforementioned disadvantages.

In summary, this review summarizes the progresses in the
development of smart AIEgen-based science for the detection,
diagnosis, bioimaging, and bioimaging-guided treatments of
noncancerous diseases. In addition, future and clinical perspec-
tives of their applications have also been dissected in detail.
Considering the short history and explosive development of
AlEgens for biological applications, more viable solutions to
their intrinsic shortcomings could be developed to enable their
broader applications and ensure biosafety. This will allow AIE-
gens being ultimately useful for detection, diagnosis, bioima-
ging, and bioimaging-guided therapeutics in noncancerous
diseases, promoting health outcomes. Collectively, this review
seeks to motivate additional interest and novel ideas for the
further exploration of a broad range of biomedical applications
of AlEgens in noncancerous diseases via the development of
more advanced AIEgens and improved clinical applications.
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