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Noncancerous disease-targeting AlEgens
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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
treatment of noncancerous diseases. In addition, it details future perspectives and the potential clinical
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
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
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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).

Chem. Soc. Rev., 2023, 52,1024-1067 | 1031


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 2023. Downloaded on 18.10.2024 15:26:41.

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

(cc)

Chem Soc Rev

A s $3f i
%3 PURA L Outer
90, membrane
G- bacteria Peptidoglycan +«— Cell wall
. Cytoplasmic
membrane
11
| | .~ Cellwall
G+ bacteria Peptidoglycan
membrane

Cell wall

Cytoplasmic
membrane

m

PL Intensity

Wavelength (nm)

Fig. 4

— IQLCm/C. abicans!
- 1QLCV'S. aureus
—— IQCm/E. cof

500 550 600 650 700 750 800

View Article Online

Review Article

Cell-level
visualization

Naked-eye
visualization

G-bacteria G+ bacteria  Fungi

G Urine )
sample !
\.

Culture

5-8h

Medium

H E. coli

I S. aureus : C. albicans
100:0

S. aureus : E. coli: C. albicans

J

(A) Schematic of cell envelope structures of Gram-negative bacteria, Gram-positive bacteria and fungi. (B) The chemical structure of IQ-Cm.

(C) Diagram of IQ-Cm for visual discrimination of pathogens. (D) Photographs of IQ-Cm with different pathogens. (E) The Fluorescence spectra.
(F) Photographs of IQ-Cm with different pathogens. (G) The procedures and results by naked-eye identification. (H) The fluorescence images of urine
samples. (I and J) The fluorescence images of various samples with IQ-Cm. Adapted with permission from ref. 73. Copyright 2020 The Royal Society of

Chemistry.

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
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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
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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 Th