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Abnormal expression of proteins, including catalytic and expression dysfunction, is directly related to the
development of various diseases in living organisms. Reactive oxygen species (ROS) could regulate
protein expression by redox modification or cellular signal pathway and thus influence the development

of disease. Determining the expression level and activity of these ROS-associated proteins is of

considerable importance in early-stage disease diagnosis and the identification of new drug targets.

Fluorescence imaging technology has emerged as a powerful tool for specific in situ imaging of target

proteins by virtue of its non-invasiveness, high sensitivity and good spatiotemporal resolution. In this
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review, we summarize advances made in the past decade for the design of fluorescent probes that have

contributed to tracking ROS-associated proteins in disease. We envision that this review will attract
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1. Introduction

All cells depend on preserving protein homeostasis to maintain
the correct biological functions. In response to pathological
stimuli, hundreds of proteins are aberrantly expressed,
accompanied by abnormal changes in the activities of
numerous enzymes in cells. Abundant reports have suggested
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significant attention from a wide range of researchers in their utilization of fluorescent probes for in situ
investigation of pathological processes synergistically regulated by both ROS and proteins.

that neurodegenerative disorders, such as Alzheimer's disease
(AD) and prion disease, share similar cellular and molecular
mechanisms, including deviant protein aggregation and depo-
sition."” The development and metastasis of cancer is also
directly related to abnormal expression levels of proteins
including up/down-regulated activities of enzymes.>** Take
cathepsins for example: many of these enzymes exhibit high
proteinase activity in tumour cells and participate in angio-
genesis and cell invasion.® The activity of matrix metal-
loproteinases, another class of well-known enzymes, is also
elevated in many tumour cells to degrade extracellular matrix
proteins and promote tumour metastasis.”

A series of oxygen metabolites, including superoxide anions
(0,'7), hydrogen peroxide (H,O,), hydroxyl radicals ("OH),
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organic peroxides and so on, collectively known as reactive
oxygen species (ROS), are present in mammalian cells.*® Intra-
cellular ROS are constantly generated at low concentrations,
which can regulate protein expression by redox modification or
cellular signal pathways.''* When cells undergo oxidative
stress, amino acid residues in many susceptible proteins may be
damaged by oxidative outburst. For instance, ROS can convert
the side chains of certain amino acid residues (i.e., Pro, Arg and
Lys) into glutamic semialdehydes and aminoadipic semi-
aldehydes by iron-catalyzed oxidation.’ ROS also mediate the
formation of 3-nitrotyrosine in proteins by nitration of tyrosine
residues. These oxidative modifications might destroy the tar-
geted protein structures and affect their functions, conse-
quently affecting metabolism, protein folding and degradation
of the false proteins. Eventually, various serious diseases may
occur as a result.

Therefore, it is vitally necessary to accurately detect the
expression and activity of ROS-associated proteins in disease in
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vivo. This will enable identification of damaged metabolic
networks at early stages of diseases, as well as their pathogen-
esis, leading to acceleration of early diagnosis of major diseases
and their drug development.

Although several approaches have been employed to assess
the level of protein expression, such as two-dimensional elec-
trophoresis (2-DE), immunoblotting and immunofluorescence
techniques, they have severe limitations. (1) In immunoblotting
and 2-DE, the protein of interest (POI) needs to be extracted
from cells or tissue homogenates, which may degrade due to
temperature, pH and protease, leading to inaccurate test
results. (2) Immunofluorescence requires specific binding of
fluorophore labelled antibodies to their antigens and measures
the expression levels of proteins based on fluorescence signals.
Although protein extraction is avoided in immunofluorescence,
this technique can only be performed on dead cells or fixed
tissue slices, which could not be implemented for noninvasive
studies of cells and intact organisms. In summary, these
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methods could not be applied for accurate in situ protein
detection in vivo.

Recently, fluorescent probes have been widely used in
conjunction with fluorescence imaging techniques to track
molecular events in living cells. Fluorescence imaging is
a noninvasive approach for in situ detection of various
biomolecules.**** So, by using fluorescence-based probes, the
expression level and catalytic activity of ROS-associated proteins
could be continuously monitored in situ in living cells on a real-
time scale, which demonstrates broad application prospects
compared with traditional methods. In this review, to provide
strategies used in the design of fluorescence probes for ROS-
relevant proteins and their application to the detection of
disease, we summarize recently published fluorescent probes
for the optical detection of ROS-associated proteins in disease.
Considering proteins with and without catalytic activity, we
clarify the difference between design strategies of fluorescent
probes for them. Subsequently, according to different diseases,
recent examples and applications of fluorescent probes for the
measurement of ROS-associated proteins in the past decade will
be introduced. Finally, with the aim of exploiting more powerful
imaging tools in this area, we will give a perspective on further
challenges and opportunities in this field.

2. Classification of proteins and
probe design strategies

Proteins are major targets of ROS. Some ROS-induced protein
modifications can result in unfolding or alteration of protein
structure and activity. For example, ROS-mediated S-gluta-
thionylation, nitrosation, and carbonylation play significant
roles in the modulation of protein function in cells. The overall
biology of oxidative protein modifications however remains
complicated and undefined. Thus, development of fluorescent
probes for detection of ROS-associated proteins could be quite
beneficial for a better understanding of oxidative-damaged
proteins in various diseases. Typically, proteins can be broadly
divided into two groups, one with catalytic activity (the so-called
enzymes) and the other without catalytic activity. According to
their different characterizations, feasible strategies should be
proposed for the design of their corresponding fluorescent
probes.

For enzymatic activity-based fluorescent probes, the covalent
bond is cleaved/formed or the functional group transformed
into a new group under specific enzyme-catalysed conditions.
These reactions will change the optical properties of the probe,
such as different fluorescence intensities or emission wave-
lengths, and consequently report the activity of the enzyme.*
However, the chemical structures of the probes would not be
altered when they encounter proteins without catalytic activity,
but the microenvironmental changes strongly affect the pho-
tophysical properties or the aggregated states of the probes.
These alterations are accompanied by changes in the fluores-
cence intensity of the probe, leading to detection and moni-
toring of the protein expression level.

1622 | Chem. Sci,, 2021, 12, 1620-11646
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2.1. Design strategies of fluorescent probes for proteins with
catalytic activity

Most ROS-associated enzymes could be classified into different
classes according to the different chemical reactions they
catalyse, such as oxido-reductases, hydrolases, and transferases.
Oxido-reductases can catalyse the transfer of electrons between
metabolites in order to maintain redox homeostasis. Numerous
oxido-reductases exhibit direct relationships with various
human diseases. For instance, monoamine oxidases are over-
expressed in Alzheimer's disease. In addition, nitroreductases
play essential roles in tumour metastasis. Hydrolases, including
lipases, nucleosidases, and peptidases, are a class of enzymes
that catalyse the hydrolysis of some chemical bonds, and are
widely used as disease biomarkers. The activities of caspases,
metallomembrane proteases, and aminopeptidases, all of
which are sub-classes of peptidases, are common indicators of
cancer. Transferases can transfer specific functional groups
from the donor to acceptor substances, and among them,
glycosyl transferases are involved in transferring mono-
saccharides in metabolisms.

Since enzymes show high specificity toward substrates in
catalytic reactions, specific chemical structures or chemical
bonds could be recognized. For example, glucosidases just
hydrolyse the glucose-formed glucosidic bond. On the basis of
enzymes' features, various fluorescent probes have been
synthesized for the assessment of different catalytic activities in
numerous biological processes in the past decade, especially
those relevant to major human diseases.

How to regulate optical properties of a fluorescent probe
before and after it is catalysed by the target enzyme is the key
factor in the probe design. In general, fluorescence properties of
the probes are tuned by intermolecular charge transfer (ICT),
intermolecular photoinduced electron transfer (PeT), fluores-
cence resonance energy transfer (FRET), and so on (Fig. 1).
When enzymatic reactions cause the cleavage of covalent bonds
or the alteration of functional groups in the probes, fluores-
cence signals emitted by the probes can be subsequently
changed, leading to eventual qualitative or quantitative detec-
tion of the target enzymes.

2.2. Design strategies of fluorescent probes for proteins
without catalytic activity

Numerous proteins without catalytic activity participate in
cellular metabolism, and are also closely associated with
various diseases caused by aggregation of proteins such as B-
amyloid (AB) and tau. The expression levels of these proteins
fluctuate during the course of pathology development, and thus
have emerged as potential diagnostic biomarkers of these
diseases. Since these proteins do not possess any catalytic
activity and cannot catalyse the cleavage or formation of cova-
lent bonds, they can't alter the molecular structures of a fluo-
rescent probe. Thus, to image these proteins, the design of the
corresponding fluorescent probes requires very different strat-
egies from those for the enzymatic probes. Fluorescent probes
based on the aggregation-induced emission (AIE) mechanism

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design strategies of fluorescent probes for proteins with or
without catalytic activity.

and environmental-sensitive strategies have been developed in
the past decade.**”

AIE-based fluorescent probes are composed of two parts,
namely, AIE luminogens (AIEgens) and a specific ligand of
target proteins (Fig. 1c). The connection between AlEgens and
the ligand is classified into either a covalent bond or non-
covalent binding. The latter usually connects AlEgens and the
ligand by hydrogen bonding, ionic bonding, and hydrophobic
interaction. A ligand with high affinity and specificity forces
AlEgens of the fluorescent probes to accumulate at the prox-
imity of aggregated proteins. AIEgens are nonemissive in the
dispersed state as earlier mentioned, due to their ability to
consume the excited-state energy through intramolecular
motion upon being photo-excited. In their aggregated state on
the other hand, AIEgens emit intense fluorescence because the
intramolecular motion is spatially restricted.*®* Therefore, AIE-
based fluorescent probes can afford useful imaging information
of aggregated peptides or proteins, especially those commonly
found in neurodegenerative diseases, such as Ap and tau."*°

For proteins whose expression levels are clearly affected by
their surrounding environment, such as polarity and viscosity,
environment-sensitive fluorescent probes are often used to
detect them.* These probes contain either a donor-acceptor or
donor-acceptor-donor, which is connected by a conjugated -
bridge. Depending on whether intramolecular rotation is
limited, the probe’s coplanarity differs in the excited state upon
successful binding to the target protein. Better coplanarity of
the fluorescent probe causes a strong fluorescence change or
red-shift of the emission wavelength, which can be effectively
correlated with the expression level of the target protein.**
Because the aggregation of AB and tau dramatically alters these
proteins’ surrounding polarity and viscosity in cells, many
environment-sensitive fluorescent probes, designed for imaging

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of these proteins based on changes in their intramolecular
rotation, have been reported in the past decade.”*?*

3. Fluorescent probes for ROS-
associated proteins in diseases

Many post-translational modifications of proteins could be
controlled or caused by ROS. For instance, the sulthydryl group
in cysteine residues of proteins can be oxidized to form an
intramolecular disulphide bridge by H,O, or sulphur reactive
radicals. Various diseases, including cancer (e.g., hepatic
carcinoma), cerebral disease (e.g., depression), cardiovascular
diseases (e.g., ischemia reperfusion), fibrotic diseases (e.g.,
pulmonary fibrosis), and inflammations (e.g., arthritis), have
been reported to possess direct relevance to the expression level
or the activities of critical ROS-associated proteins.*

3.1. Cancer

ROS can promote tumour development and progression in
various types of cancers. In cancer cells, high levels of ROS are
generated as a result of increased enzymatic activities in
oxidases, cyclooxygenases, and lipoxygenases. The excess ROS
overwhelms the antioxidant systems (e.g., coenzyme Q, ferritin,
glutathione, superoxide dismutase, thioredoxins and peroxi-
dases), leading to oxidative stress.>”*® In order to maintain the
delicate balance of intracellular ROS levels, the expression level
of antioxidant proteins (such as thioredoxins and peroxidases)
in tumour cells is elevated. Moreover, many proteins involved in
cell proliferation, differentiation, biomacromolecule synthesis,
tissue invasion and metastasis, are also known to be ROS-
sensitive in various cancers.”

3.1.1 Fluorescent probes for caspases. Apoptosis is a type
of programmed cell death, which blocks metastatic dissemi-
nation by killing tumour cells. Caspases are a family of cysteine-
dependent aspartate-specific proteases, which can cleave the
carboxy-terminal side of aspartic acid residues in peptides and
proteins.®® The caspases are generally divided into two classes:
the initiator caspases (caspase-2, -8, -9 and -10) and the down-
stream effector caspases (caspases-3, -6 and -7) in mammals.*"**
During apoptosis response, caspases are the pivotal enzymes
that are activated.*® The accumulation of ROS often induces
caspase-dependent apoptosis in cancer cells.** For example,
methyl jasmonate induces apoptosis in human lung adeno-
carcinoma cells via activating caspase-9 and caspase-3 by over-
generation of intracellular H,0,.** In consideration of the fact
that caspases participate in the apoptosis signalling pathway in
cancers, fluorescent probes capable of assaying and imaging
various caspase activities have attracted much attention in
recent years.***” Since caspase-3 usually acts as a biomarker of
apoptosis, fluorescent probes for monitoring the activity of
caspase-3 are summarized below.*®

DEVD (Asp-Glu-vVal-Asp) is the most commonly used
peptide substrate to be specifically hydrolyzed by caspase-3,*
but DEVD is also the optimum substrate for caspase-7. There-
fore, the fluorescence probes that are designed based on DEVD
as the substrate to detect caspase-3/7 cannot selectively respond

Chem. Sci., 2021, 12, 11620-11646 | 11623
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AcDEVD

to caspase-3 or caspase-7. Nevertheless, several fluorescence
probes were still developed by introducing DEVD into the probe
to detect caspase-3.

Several small-molecule fluorescence probes for detection of
caspases have been reported.*®** Kim et al. described a water-
soluble fluorescent probe (1, Ac-DEVD-NH-CV) responsive to
caspase-3 (Fig. 2). After being cleaved by caspase-3, the probe (1)
was converted into hydrophobic CV-NH,, which would aggre-
gate and emit strong fluorescence. This probe was an attractive
tool to study caspase-3 in vitro and in vivo.*>

Jiang et al. developed a small-molecule probe (2) for fluo-
rescence imaging of caspase-8 activity through a thiol-ene click
reaction (Fig. 3).** Upon reaction with caspase-8, the probe (2)
was cleaved at the peptide bond between cysteine and the cas-
pase-8-specific substrate, releasing the fluorophore. Due to the
intramolecular hydrogen bonds, probe 2 locally aggregated and
emitted bright fluorescence at 520 nm. This is the first
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Fig. 3 lllustration of the activity localization fluorescence peptide
probe 2 for peptidase imaging. Reprinted from ref. 43 with permission.
Copyright 2016 American Chemical Society.
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Fig. 4 Proposed caspase-3/7 and reduction-controlled conversion of
C-SNAF into C-SNAF-cycl through the bioorthogonal intramolecular
cyclization reaction, followed by self-assembly into nanoaggregates in
situ. Reprinted from ref. 37 with permission. Copyright 2014 Macmillan
Publishers Limited.

fluorescent probe based on a thiol-Michael addition click
reaction for bioimaging of caspase.

Based on the cyclization reaction between free cysteine and
2-cyano-6-hydroxyquinoline (CHQ), Rao and Ye et al. explored
a self-assembled fluorescent small-molecule probe (3, C-SNAF)
for the detection of caspase-3/7 (Fig. 4). The cyclization reaction
between free cysteine and CHQ is a biocompatible, kinetically
fast intramolecular condensation (6 x 10° s~ ').>” After reac-
tion with caspase-3/7 and GSH, the amino and thiol groups of
the p-cysteine masked by DEVD and disulfide bonds are
released, then, C-SNAF undergoes macrocyclization and in situ
nanoaggregation, which leads to long residence time and
enhanced fluorescence. The caspase-3/7-triggered nano-
aggregation of probe 3 enables effective imaging of caspase-3/7
activities in vivo and can be used to monitor tumour therapy
responses. This is a novel strategy for directing the in situ self-
assembly of synthetic small molecules into nanoaggregates in
living systems.

Recently, Ye et al. reported a photoacoustic (PA) probe (4, 1-
RGD) for caspase-3 detection based on the same self-assembly
strategy (Fig. 5).* The probe (4) consists of a CHQ and a p-
cysteine residue, a caspase-3-cleavable peptide substrate DEVD,
a glutathione (GSH)-reducible disulfide bond, a tumour tissue-
targetable cyclic peptide (c-RGD) and a clinically used near-
infrared (NIR) dye (indocyanine green, ICG). Probe 4 can target
tumor tissues, since c-RGD targets the o,p; integrin receptor
which is overexpressed in tumor cells. Upon interaction with
GSH and caspase-3, free Cys and CHQ underwent fast intra-
molecular condensation to form a cyclized product, subse-
quently inducing stronger intermolecular interactions to
promote molecular self-assembly into nanoparticles. Thus,
probe 4 could realize both PA and fluorescence imaging of
caspase-3 activity and distribution within tumour tissues. This
work reports the first smart PA probe for real-time monitoring
of caspase-3 activity in deep tissues.
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Fig.5 Development of a PA imaging probe 4 for detecting caspase-3
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Several AIE-based fluorescent “turn-on” probes for caspase-3
detection have been reported by Tang and co-workers (Fig. 6). In
2012, probe 5 consisting of a DEVD peptide and an AIEgen (TPE,
tetraphenylethene) was synthesized to monitor caspase-3/-7
activities from mammalian cells in real time.** In the presence
of caspase-3/-7, the peptide was cleaved from TPE, resulting in
fluorescence recovery of TPE due to the AIE effect. This work
provides an effective strategy for real-time imaging of live-cell
apoptosis. However, its short emission wavelength limited its
application in imaging of apoptosis in vivo.

In 2016, another FRET- and AIE-based fluorescent probe (6)
for caspase-3 detection was developed (Fig. 7).** Coumarin
chromophore was used as the energy donor and linked with an
AlEgen (as an energy acceptor) through the DEVD sequence.
Upon encountering caspase-3, the AlEgen was enzymatically
released and subsequently aggregated, inducing the recovery of
coumarin fluorescence and AIEgen fluorescence. This probe
provides “turn-on” of two fluorescence signals during analyte
identification, which was used for caspase-3-related drug
screening.

Tang et al. synthesized a multicolour fluorescent nanoprobe
(7) for the imaging of caspase-3, -8 and -9 simultaneously during
cell apoptosis (Fig. 8a). By attaching caspase peptide substrates
labelled with three different fluorophores onto gold nano-
particles through Au-Se bonds, nanoprobe 7 could synchro-
nously visualize the activations of caspase-3, -8, and -9. Utilizing
this nanoprobe, the authors revealed that caspase-8 and
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Fig. 7 Schematic illustration of the FRET probe using AlEgen as an
energy quencher with dual signal output for self-validated caspase-3
detection. Reprinted from ref. 46 with permission. Copyright 2016 The
Royal Society of Chemistry.
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caspase-9 could activate caspase-3 during the cell apoptosis
process. This nanoprobe is a promising tool for real-time
monitoring of caspase cascade activations.”” Based on this
work, the Tang group also developed another Au-Se-bonded
nanoprobe (8) for fluorescence imaging of caspase-3 and
cathepsin B (Fig. 8b). In the presence of caspase-3 and
cathepsin B, the peptide chains with fluorophores were specif-
ically cleaved by caspase-3 or cathepsin B, leading to fluores-
cence recovery. This work confirmed that cathepsin B and
caspase-3 were sequentially activated in cancer cells during
apoptosis. Both probes 7 and 8 could be effective tools for
understanding the cell apoptotic mechanisms.*®

3.1.2 Fluorescent probes for aminopeptidase N. Amino-
peptidase N (APN) is a Zn>"-dependent metalloprotease
belonging to the M1 family, which is present in a wide variety of
human tissues and cell types. It consists of 967 amino acids and
is located on the cell membrane as a type-II integral membrane
protein.*” APN is an essential peptidase involved in the process
of tumour angiogenesis, metastasis, cell differentiation, prolif-
eration and apoptosis.®>** In tumour cells, APN is overexpressed
on the endothelial cell surface as a receptor of NGR (a tumour-
homing peptide motif, Asn-Gly-Arg). Moreover, an inhibitor of
APN, ubenimex, was reported to induce apoptotic cell death in
rat pituitary tumour cells by promoting ROS generation.*
Therefore, several fluorescent probes for imaging of tumour
tissues and drug screening through the targeting of APN have
been created.>**>*

Li et al.* reported three ratiometric fluorescent probes 9-11
for detecting the activities of APN (Fig. 9). They chose 1,8-
naphthalimide, a prototype ICT fluorophore as a reporter, and
alanine and norvaline as the recognition moieties. After the
cleavage of the amide bond between the amino acids and the
fluorophores by APN, 1,8-naphthalimide can be released and
the ICT effect is enhanced.

Chem. Sci., 2021, 12, 11620-11646 | 11625
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Fig. 10 Structure of probes 12 and 13 and detection mechanism with
APN.

The maximum fluorescence emission redshifts from blue
fluorescence to a strong bright green fluorescence.>

Ma et al. developed an ultrasensitive ratiometric fluorescent
probe (12, CVN) to visualize APN (Fig. 10a).** The amino
substitution by alanine caused a distinct blue-shift of the fluo-
rescence peak from 626 to 575 nm. After reaction with APN, the
fluorescence intensity of the probe at 575 nm decreased and
that at 626 nm increased gradually. The detection limit of CVN
was determined to be 33 pg mL ", suggesting that 12 was an
ultrasensitive probe for detecting APN, making it the most
sensitive APN-detecting fluorescent probe known. The same
group further explored another NIR fluorescent probe (13,
HCAN) for detection of APN in 2017 (Fig. 10b).*” The NIR dye
hemicyanine was used as the fluorescence-reporting moiety and
an alanine residue was taken as the recognition group. The
amino substitution by alanine efficiently quenches the fluo-
rescence of hemicyanine, since the electron-withdrawing effect
of the amide bond disturbs the conjugation of the fluorophore.

1626 | Chem. Sci,, 2021, 12, 11620-11646

ing group and r-alanine as the recognition group for APN, which
emitted strong NIR fluorescence upon APN cleavage. The probe
(14) was able to monitor the activity of APN in cancer cells with
ultrasensitivity and excellent selectivity. This probe could also
be successfully lighted up in tumour cells, exhibiting great
potential for image-guided surgery.

Peng et al. reported a two-photon NIR fluorescence probe
(15, DCM-APN) to track APN in vivo (Fig. 11b).*® The probe
contained an r-alanine as the substrate of APN and a dicyano-
methylene-benzopyran (DCM) as the chromophore. Probe 15
had been successfully employed to distinguish normal cells
(LO2 cells) from cancer cells (HepG-2 and B16/BL6). Further-
more, the probe could be used to investigate the activity of APN
in hepatocellular carcinoma tissues in situ. The NIR excitation
and emission wavelengths provided the deep-tissue imaging
opportunity for the probe.

3.1.3 Fluorescent probes for matrix metalloproteinases.
Matrix metalloproteinases (MMPs) are a family of endogenous
proteases, consisting of 23 members (including MMP-3, MMP-7
and so on), which play a pivotal role in maintaining and
reconstructing extracellular matrix by degrading extracellular
matrix proteins.®® MMPs participate in several physiological and
pathological processes, such as wound healing, inflammation,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic diagram of the MMP-3 probe 16. When MMP-3
encounters the specific substrate recognition site of the probe,
a pronounced NIR fluorescence signal recovery is observed. Reprinted
from ref. 68 with permission. Copyright 2013 American Chemical
Society.

arthritis, cardiovascular disease and cancer.®* Previous studies
have shown that the activities of MMPs are often associated
with ROS levels in cancer cells. For example, tetrabromobi-
sphenol A can activate MMP-9 by ROS-dependent mitogen-
activated protein kinase pathways to induce human breast
carcinoma MCF-7 cell metastasis.®> Correspondingly, the
decrease in ROS can reduce the activities of MMP-2 and MMP-9,
thereby attenuating cell motility of human fibrosarcoma
cells.””®

Consequently, several ROS-associated MMPs are considered
potential diagnostic and prognostic biomarkers for cancers.***¢

Until now, a large number of MMP-responsive fluorescent
probes for imaging have been successfully developed, all of
which were designed by incorporating chromophore-modified
substrates and a quencher.*” Youn et al. developed a soluble
probe, 16, for detecting the activity of MMP-3 from serum to
monitor the progress of rheumatoid arthritis (Fig. 12).°® This
MMP-3 probe was constructed with a peptide (GVPLSLTMGK)
modified with a dark quencher 3 (BHQ-3) and an NIR fluo-
rophore (Cy5.5) and glycol chitosan (GC). After being specifically
cleaved by MMP-3, Cy5.5 was released and the NIR fluorescence
signal in the probe was restored. This MMP-3 probe was used to
selectively detect the activity of MMP-3 in diluted serum from
CIA mice.

Non-specific cutting fragment
L

Specific cutting fragment
L

[ | 17
0 % 0 W oo W oo
SOH [;))Lu ON\)Lu R e H/\n,u\)l\” P )
o
HO,S O@ o)\ 12
NH HN’
oS HzN'gNH HN._O
\ =
g A £z
NN\ QNV&
HOsS: OO N
SOsH
G0
Y ¥

Fig. 13 Structure of MMP probe 17. Reprinted from ref. 69 with
permission. Copyright 2013 American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

MMP-2, 9, MT1-MMP recognition site

PEG for long retention

—PE
GPLGVRGKGG—PEGy . == o

wsSiNQ780

Fig. 14 Chemical structure of MMP probe 18. Reprinted from ref. 70
with permission. Copyright 2015 American Chemical Society.

Chen et al. developed an MMP-13 probe (17, D-MMP-P12) to
image MMP-13 activity in vivo. D-MMP-P12 contained a Cy5.5
dye, an MMP substrate (GPLGVRGKGG), a quencher BHQ-3,
and a polyethylene glycol (PEG)-12 chain (Fig. 13).*® Specific
cleavage of the peptidase substrate in D-MMP-P12 by MMP-13
generated strong fluorescence enhancement of Cy5.5. This
probe could be used to visualize MMP-13 activity in squamous
cell carcinoma (SCC)-7 tumour-bearing mice. A similar strategy
was employed by Urano and coworkers, who designed a FRET-
based NIR fluorescent probe 18 for the determination of MMP
activities (Fig. 14).” Upon being cleaved by MMPs, the fluores-
cent dye was cleaved off the probe, departed from the quencher
and emitted NIR fluorescence. This probe could detect MMP
activity in vitro, in cultured cells and in tumour-bearing mice.

Tang et al. developed an Au-Se bond based nanoprobe for
detection of MMP activities with anti-interference ability for
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Fig. 15 Structure of probe 19 and detection mechanism with MMP-2.

Reprinted from ref. 71 with permission. Copyright 2018 American
Chemical Society.
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glutathione (Fig. 15).”* Although the Au-Se bond and Au-S bond
possessed similar physical and chemical properties, the Au-Se
bond showed higher stability than the Au-S bond. The probe
(19) was an easily assembled nanosensor, which was coupled
with a selenol- and FITC-modified Gly-Pro-Leu-Gly-Val-Arg-
Gly (the specific substrate of MMP-2) peptide onto the surface of
AuNPs. Compared to the commonly used Au-S probes, the Au-
Se probes display high thermal stability and good anti-inter-
ference ability towards glutathione.

In addition, Zhang et al. developed a multi-FRET fluorescent
probe (20, Mc-probe) for simultaneous imaging of MMP-2 and
caspase-3 activities (Fig. 16).”> Mc-probe was constructed with
an MMP-2 sensitive peptide (GPLGVRG), a caspase-3 specifically
responsive peptide (SDEVDS), and fluorophores (5(6)-carboxy-
fluorescein (FAM)/tetramethylrhodamine (TAMRA)/Dabcyl).
The fluorescence of FAM and TAMRA was initially quenched
due to the FRET process. After being cleaved by MMP-2, FRET
between TAMRA and Dabcyl was blocked, restoring TAMRA
fluorescence. After further cleavage by caspase-3, FAM fluores-
cence was recovered due to the blockade of FRET between FAM
and TAMRA. These kinds of fluorescent probes designed for
simultaneous imaging of different enzymes have great potential
for precise disease diagnosis and therapeutic efficacy
evaluation.

Moreover, an MMP-2-responsive PA and fluorescent probe
(21, QC) was developed by Gao and coworkers (Fig. 17).” The
probe was established by the covalent linkage of an NIR dye

FAM -SDEVDSK(TAMRA)GPLGVRGK(Dabcyl)

Or—

0 z”u Vv N\J:'fN(N k{‘bﬁru”‘uz;““‘u\g”{‘uw“
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Fig. 16 Chemical structure and the proposed processes of probe 20
for spatiotemporal MMP-2 and caspase-3 imaging. Reprinted from ref.
72 with permission. Copyright 2017 American Chemical Society.
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Fig.17 Probe 21 for non-invasive detection of MMP-2 activity through
fluorescence and photoacoustic imaging. Reprinted from ref. 73 with
permission. Copyright 2019 American Chemical Society.

(Cy5.5) and a quencher (QSY21) with the MMP-2 cleavable
peptide (GPLGVRGY). Probe 21 self-assembled into nano-
particles in aqueous solution due to the presence of both
a hydrophilic group (Cy5.5) and hydrophobic group (QSY21).
When probe 21 was cleaved by MMP-2, the fluorophore Cy5.5
was released, emitting NIR fluorescence and a PA signal.
Utilizing NIR/PA dual imaging, the fluorescence probe 21 could
quantitatively detect MMP-2 with deep-penetration in tumour
tissues from 4T1 tumour-bearing nude mice.

Xia et al. developed an MMP-2 activatable probe (22, DOX-
FCPPs-PyTPE, DFP) to image MMP-2 activity and deliver drugs
invivo (Fig. 18).”* Probe 22 contained a TPE derivative (PyTPE) as
the AlIE-active unit, a functionalized cell penetrating peptide
(FCPPs, CRRRRRRRRRP), a short MMP-2 specific substrate
(LGLAG), and a therapeutic unit (doxorubicin, DOX). After being
cleaved by MMP-2, the released hydrophobic PyTPE aggregated,
generating strong yellow fluorescence. Then, the hydrophilic
FCPPs-DOX could quickly permeate into MMP-2 overexpressed
cells. This probe could distinguish different cell types which
possessed varied MMP-2 activities, and also has high cytotox-
icity to MMP-2 over-expressed cells. This work could be a mile-
stone in MMP-2 related theranostics.
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Fig. 18 Probe 22 for rapid drug delivery and release tracking in MMP-2
over-expression living cells. Reprinted from ref. 74 with permission.
Copyright 2016 American Chemical Society.
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3.1.4 Fluorescent probes for cathepsin. Cathepsins are
a family of lysosomal cysteine proteases, which include more
than a dozen cathepsins. In cancer cells, cathepsin B and
cathepsin L are associated with the plasma membrane to
hydrolyse the extracellular matrix, playing essential roles in
tumour invasion and metastasis. In addition, many reports
have shown that the ROS level in cells could be mediated by
cathepsin activities. Inhibition of cathepsin B significantly
reduces the generation of ROS in microglia.”> Moreover,
cathepsin S can regulate the PI3K/Akt (phosphoinositide 3-
kinases/protein kinase B) signalling by mediating ROS in
human glioblastoma cells.” To date, several fluorescent probes
have been developed for imaging the activities of cathepsin B
and L in vivo and differentiation between cancer and normal
tissues.”””®

Several cathepsin activatable small-molecule probes have
been created for fluorescence imaging in vivo. Chen et al
developed a lysosome-targeting probe (23) to sense cathepsin B
activity in living cancer cells (Fig. 19).” The probe was incor-
porated by a cathepsin B-recognitive peptide substrate Cbz-Lys-
Lys-p-aminobenzyl alcohol (Cbz-Lys-Lys-PABA) and a lyso-
some locating group morpholine. The fluorescence intensity of
the probe increased 73-fold upon cathepsin B-mediated
cleavage of the substrate, suggesting that the probe possessed
high sensitivity toward cathepsin B.

Kim et al. explored a fluorescent probe (24, RR-S-Ac3Man-
NAz) for the detection of cathepsin B activity by incorporating
a cathepsin B-specific substrate (Lys-Gly-Arg-Arg, KGRR) into
a tri-acetylated N-azidoacetyl-o-mannosamine (Fig. 20).%° After
being cleaved by cathepsin B in cells, the released S-Ac;ManNAz
could be hydrolysed to produce Ac;ManNAz, which was even-
tually labelled by a dibenzylcyclooctyne-modified NIR dye
(Cy5.5) through bioorthogonal click chemistry. This strategy
showed promise for the inspection of enzyme activities in vitro
and in vivo.

CTB cleavage
3 525 nm
HNTY S Seffimmolative linker  Targeting lysosome y
Vo

F‘mbe 2

<
% Fluorescence ON
Lysosome Retention
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Fig. 19 The chemical structure of probe 23 and the proposed
chemical conversion in response to cathepsin B. Reprinted from ref. 79
with permission. Copyright 2016 American Chemical Society.
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© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

FRET

H H
Peplide Linker puteady

Cathepsin B

NIR imaging agent for tumor \\\ 720 nm Phototherapy for tumor

Fig. 21 Illustration of near-infrared imaging and phototherapy of
cathepsin B using the probe 25. Reprinted from ref. 81 with permission.
Copyright 2017 Elsevier Ltd.

In addition, several fluorescent probes for simultaneous
imaging and treatment of cancer have been reported. Yoon et al.
described a cathepsin B-activated fluorescent probe (25, CyA-P-
CyB) for detecting cathepsin B activity and investigated its
application in imaging tumour tissues in vivo (Fig. 21).5' The
probe (25) consisted of two cyanine moieties (CyA and CyB),
linked by a cathepsin B-activated peptide (Gly-Phe-Leu-Gly).
After being cleaved by cathepsin B, the probe released two
chromophores, evoking two fluorescence signals. This probe
also exhibited great phototoxicity to tumour cells in mice, thus
providing great potential for tumour treatment.

Liu and Tang et al. described a cathepsin B-activatable probe
(26) based on an AlEgen, which could simultaneously image
and treat cancer though photodynamic therapy (Fig. 22).** The
probe is composed of four parts: (1) an AIE fluorogen as an
imaging reagent and photosensitizer, (2) a peptide substrate of
cathepsin B, (3) a hydrophilic linker, and (4) a cRGD-targeting
moiety. After cancer-cellular uptake, the fluorescence of the
probe (26) was dramatically enhanced due to the AIE effect upon
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Fig. 22 The chemical structure of probe 26 and the proposed
chemical conversion in response to cathepsin B. Reprinted from ref.
82 with permission. Copyright 2016 American Chemical Society.
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cleavage of the GFLG peptide by cathepsin B, and the PDT was
activated. Probe 26 could be used for image-guided PDT in
cancer cells. These studies provide valuable strategies for the
development of probes for cancer diagnosis and treatments.

3.1.5 Fluorescent probes for tyrosinase. Tyrosinase (TYR,
EC 1.14.18.1), a copper-containing monooxygenase that catal-
yses the hydroxylation and oxidation of phenol derivatives (such
as tyrosine or tyramine) to the corresponding o-quinone prod-
ucts, is widespread in plants, animals, and microorganisms.*
Molecular oxygen is necessary for enzymatic reactions in living
systems.? Studies have indicated that tyrosinase can eliminate
ROS in the skin by utilizing superoxide to produce melanin.* In
addition, tyrosinase activity can be induced by intracellular
H,0,, suggesting a strong association between tyrosinase and
ROS.** In humans, abnormal tyrosinase activity is responsible
for severe skin diseases, dopamine neurotoxicity, and neuro-
degeneration. Notably, tyrosinase is a significant biomarker of
melanoma cancer due to its overexpression in melanoma
cells.?”%® Therefore, the sensitive and selective assessments of
this biochemical marker by fluorescence imaging would be
highly valuable for investigating its biological roles and value in
disease diagnosis.

Many tyrosinase activity-based fluorescent probes with
a tyrosinase substrate and fluorophore have been constructed to
image tyrosinase activity in vivo. Ma et al. synthesized a small-
molecule “off-on” fluorescent probe (27, Mela-TYR) to monitor
tyrosinase in cells (Fig. 23a). This probe was engineered by
engineering 4-aminophenol-derived urea and morpholine into
a naphthalimide scaffold, and morpholine was used as a mela-
nosome-targeting group. Upon the enzymatic cleavage of 27, the
naphthalimide fluorescence recovered. This probe provides
a practical tool to investigate the activity of tyrosinase in cells.*®

Subsequently, several fluorescent probes were developed
following the above strategy. Zhang et al. developed a resorufin-
based fluorescent probe (28) for the detection of tyrosinase
(Fig. 23b). m-Tolylboronic acid pinacol ester was used as
a substrate for tyrosinase; thus, resorufin was released in the
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Fig. 23 (a) Probe 27 reaction with tyrosinase. Reprinted from ref. 89
with permission. Copyright 2016 American Chemical Society. (b)
Structure of probe 28. (c) Structure of probe 29.
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Fig. 24 Fluorescence changing mechanism of probe 30 in the pres-
ence of tyrosinase. Reprinted from ref. 86 with permission. Copyright
2017 The Royal Society of Chemistry.

presence of tyrosinase. This probe exhibits high selectivity and
sensitivity towards tyrosinase, suggesting its use as a promising
tool for the detection of tyrosinase in biosystems.®

Wau et al. developed a fluorescent probe (29, NBR-AP) to sense
tyrosinase by modifying a phenoxazine derivative with
a hydroxyphenyl urea group (substrate for tyrosinase) (Fig. 23c).
In the presence of tyrosinase, the carbamide bond broke, and
the fluorescent dye was released, emitting strong fluorescence.
Probe 29 could selectively detect tyrosinase activity in cells and
living zebrafish. Moreover, based on changes in tyrosinase
activity, the probe could indicate melanoma metastasis in
a mouse model.**

A PeT-based two-photon fluorescent probe (30, Tyro-1) was
designed by Bhuniya and coworkers to track the activity of
intracellular tyrosinase (Fig. 24). BODIPY was chosen as the
chromophore due to its photophysical stability, large Stokes
shift and high quantum yield. The tyrosinase activity in various
cell types was detected by probe 30. Moreover, utilizing the
probe, the authors disclosed that H,O, can promote tyrosinase
activity in cells.®®

Since previously reported fluorescent probes for tyrosinase
showed similar responses to both tyrosinase and some reactive
oxygen species (ROS), thereby suffering from the ROS interfer-
ences, Ma et al. proposed a new tyrosinase-recognition moiety,
3-hydroxybenzyloxy, in which the presence of the unique 3-
hydroxy (instead of 4-hydroxy) group facilitates the hydroxyl-
ation at the 4-position vacancy by tyrosinase but not by ROS,
and the resulting hydroxylation unit would be spontaneously
removed by the subsequent 1,6-rearrangement-elimination
(Fig. 25a).°> The probe (31) can specifically identify tyrosinase
instead of ROS. The probe consisted of a 3-hydroxybenzyloxy
moiety as a new recognition unit and a stable hemicyanine
group as a fluorescent reporter, which can be used to detect
endogenous tyrosinase activity in live cells and zebrafish.

Recently, Ding et al. reported a hydrosoluble NIR fluorescent
probe (32) to image tyrosinase activity by using 3-hydrox-
ybenzyloxy as the substrate of tyrosinase too (Fig. 25b). In the
presence of tyrosinase, the maximum absorption wavelength of
the probe was red-shifted from 600 nm to 670 nm, and the
fluorescence intensity at 708 nm was significantly enhanced.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 (a) The proposed reaction mechanisms of probe 31 with

tyrosinase and ROS. Reprinted from ref. 92 with permission. Copyright
2016 Wiley-VCH. (b) Probe 32 reaction with tyrosinase. Reprinted from
ref. 93 with permission. Copyright 2019 The Royal Society of
Chemistry.

This probe (32) was successfully used to monitor tyrosinase
activity in cells and mice.”

Many other fluorescent probes have also been developed for
the fluorescence imaging of tyrosinase activity.”*®” Su et al.
designed a ratiometric fluorescence probe, containing red-
emissive QDs and green-emissive QDs as fluorophores to
provide ratiometric signals. Dopamine and QDs were conju-
gated to the surface of silica nanoparticles. Upon reaction with
tyrosinase, dopamine transformed into dopamine quinine,
thereby quenching the fluorescence of the green QDs. By
monitoring the green and red fluorescence intensities, tyrosi-
nase activity could be quantified.”® In 2018, Ouyang et al. re-
ported a PeT-based NIR fluorescent probe (HB-NP) with a large
Stokes shift (195 nm) for the detection of tyrosinase.®® HB-NP
showed high selectivity towards tyrosinase and successfully
realized the quantitative detection of tyrosinase in diverse living
cells, especially in melanoma cells. In 2011, a BODIPY-based
“turn-on” fluorescent probe to assess the activity of tyrosinase
and the effect of tyrosinase inhibitors was presented by the Kim
group.'®®

3.1.6 Fluorescent probes for y-glutamyltranspeptidase. vy-
Glutamyltranspeptidase (y-GGT) is a cell membrane binding
protease essential for maintaining cysteine homeostasis and
regulating intracellular redox status. GGT participates in the
upregulation of oxidative stress by cleaving GSH and other -
glutamyl compounds to balance the redox state in cells.'*>**
Abnormal GGT activity is associated with many diseases, such
as liver dysfunction, asthma, reperfusion injury, diabetes, and
cancer.'®'% Furthermore, elevated GGT activity in the serum is
a common diagnostic marker of several diseases, such as liver,
ovarian and pancreatic cancers.'*'”” Therefore, fluorescence

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 Proposed mechanism of probe 33 with y-GGT. Reprinted
from ref. 108 with permission. Copyright 2016 The Royal Society of
Chemistry.

imaging and quantification of GGT activity could contribute to
cancer diagnosis.

Over the past decade, several fluorescent probes have been
reported to detect the activity of GGT. Kim et al. reported
a mitochondria-targeted ratiometric probe (33, RP-Glu); the
acid moiety of AP-Glu was replaced with an ester group, and an
amide group was directly conjugated to indocyanine (Fig. 26).
Probe 33 initially showed weak luminescence in a shorter
wavelength region because of its amide functionality. When
exposed to y-GGT, the probe displayed strong fluorescence at
the far-green region of the spectra through the enzyme-medi-
ated amide bond cleavage reaction. This probe presented
a ratiometric fluorescence response in cellular mitochondria
and could detect cancer in mouse colons by imaging mito-
chondrial GGT activity.'*®

Li and Xu et al. reported a ratiometric GGT-responsive sensor
(34, Py-GSH) with high sensitivity. The probe consisted of a GSH
group as the GGT-responsive moiety and pyronin B as the
fluorescent group (Fig. 27). After reaction with GGT, the GSH
group was cleaved, and electron rearrangement of Py-CG
occurred, yielding strong green fluorescence at 540 nm. Probe
34 could rapidly and selectively track GGT activity in GGT-
positive small peritoneal metastatic tumours (~1 mm in
diameter) in a mouse model. Moreover, this probe could detect
microscopic cancer nodules in clinical tumour resection.'®

In addition, several NIR fluorescent probes were also devel-
oped for the detection of y-GGT. Li et al. synthesized a zero
cross-talk ratiometric NIR fluorescent probe (35, Cy-GSH) con-
sisting of cyanine as a chromophore and GSH as the GGT-
recognition unit to sense the activity of GGT (Fig. 28)."*° Upon
reaction with GGT, the y-glutamyl moiety of probe 35 was
removed, and the maximum emission wavelength was blue-
shifted from 805 nm to 640 nm. Probe 35 could detect GGT in
the blood, cells, and tumour tissues with high sensitivity and

o NH, *(ﬂeaveos site
N A _oH 620 nm
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Fig. 27 The presence of GGT leads to y-glutamyl cleavage of 34.

Reprinted from ref. 109 with permission. Copyright 2021 Ivyspring
International Publisher.
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Fig. 28 The structures of probes 35-37. These probes were used to
detect the activity of GGT.

a low detection limit. Chen et al. also developed an NIR fluo-
rescence sensor (36) constructed with hemicyanine dye as
a signalling moiety, p-aminobenzyl alcohol as a self-immolative
linker, y-Glu as a substrate and ¢-RGD as the tumour-targeting
group.'™* Upon GGT catalysis against the self-immolative linker
of probe 36, the free NIR dye was released, producing a strong
fluorescence signal. This probe successfully targeted tumour
cells in living mice in a non-invasive manner by o,3; receptor-
mediated endocytosis. In the same year, another light-up NIR
fluorescent probe (37, DCDHF-Glu) was developed by the Kong
group.'”” The probe 37 contained a dicyanomethylene dihy-
drofuran derivative as the signal reporter unit and a y-glutamyl
group as the enzyme-active trigger moiety. In the presence of
GGT, the recognized substrate of GGT was removed, accompa-
nied by a “turn-on” fluorescence response based on ICT.

In addition, many other fluorescent probes have been
developed over the past decade to sense the activity of
GGT."*"¢ For instance, Wang et al. reported the fluorescent
probe NM-GSH, which was composed of a y-glutamyl group as
a substrate of GGT and 1,8-naphthalimide as a chromophore.
This probe could selectively image ovarian cancer cells.""” Peng
et al. explored a two-photon fluorescent probe, TCF-GGT, by
modifying a y-GGT enzyme-specific substrate to 2-dicyano-
methylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran deriva-
tives."*® Specific cleavage of the amide bond in the probe by -
GGT released an electron-donating amine moiety to generate
TCF-NH,, inducing remarkable fluorescence enhancement.
This probe was applied for the identification of ovarian cancer
cells from normal cells and real-time tracking of y-GGT activity
in a tumour xenotransplantation model in mice. Moreover,
Urano et al. synthesized several fluorescent probes for the
detection of GGT. The highly sensitive fluorescence probe gGlu-
HMRG and the rhodamine-based fluorescent probe gGlu-
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HM]JCR were manufactured to detect lysosomal GGT activities
in ovarian cancer. Furthermore, the authors designed the
fluorescent probe gGlu-HM]JSIR for real-time monitoring of GGT
activity in cells."*****

3.1.7 Fluorescent probes for B-galactosidase. B-Galactosi-
dase (EC 3.2.1.23) is a lysosomal hydrolase that plays a vital
physiological role in hydrolysing p-galactosyl residues from
polymers, oligosaccharides and secondary metabolites. This
enzyme is widely used in the food industry to remove lactose
from milk products to produce galactosylated food for lactose-
intolerant people.'”*'** B-Galactosidase can be found in many
groups of species, including microorganisms, plants and
animals. Abnormal B-galactosidase activity in humans is asso-
ciated with cell senescence, AD and type 2 diabetes. Moreover,
overexpression of B-galactosidase is often correlated with the
occurrence of primary ovarian cancers, as pB-galactosidase can
disintegrate macromolecular proteoglycan and destroy the
extracellular interstitial barrier.” Hence, fluorescent probes
developed for the accurate and effective detection of B-galacto-
sidase can monitor its fundamental activity and track the
metastasis of cancer cells.

In 2011, Urano and Nagano et al. created a fluorescent probe
(38, HMDER-BGal) in which a B-galactopyranoside group was
incorporated into the hydroxymethyl group (HMDER) of the
scaffold for the detection of B-galactosidase activity (Fig. 29a)."*
The fluorescence intensity of probe 38 obviously increased upon
reaction with B-galactosidase. This is the first fluorescent probe
in which spirocyclization of a hydroxymethyl group was utilized
to control fluorescence emission upon reaction with the enzyme
at physiological pH. In 2015, the authors developed a new
fluorescent probe (39, HMRef-BGal) that exhibited bright fluo-
rescence (>1400-fold fluorescence enhancement) upon the
addition of B-galactosidase due to its optimized intramolecular
spirocyclic effect (Fig. 29b)."*® Probe 39 was successfully applied
to diagnose cancer and mark tumour metastases in vivo with
high sensitivity.

Several activatable ratiometric fluorescent probes have been
designed to quantitate B-galactosidase activity. Lin et al
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Fig. 29 (a) The proposed reaction mechanisms of probe 38 with B-
galactosidase. Reprinted from ref. 125 with permission. Copyright 2011
American Chemical Society. (b) Activation of 39 on enzymatic reaction
with B-galactosidase. (c) Time course of the enzymatic reaction of 39
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Fig. 30 The proposed reaction mechanisms of probe 40 with B-
galactosidase. Reprinted from ref. 127 with permission. Copyright 2019
American Chemical Society.

designed an ICT-FRET-based ratiometric fluorescent probe (40,
CG) to detect B-galactosidase activity (Fig. 30). In probe 40, 7-
diethylamino coumarin was incorporated as a fluorescent
donor, and 4-hydroxy-1,8-naphthalimide was incorporated as
an acceptor in a FRET pair. In the presence of B-galactosidase,
the specific substrate B-p-galactopyranoside was hydrolysed and
released from the probe, which was accompanied by the resto-
ration of fluorescence based on the ICT effect. Probe 40
exhibited a fast response rate (less than 20 s) and a low detec-
tion limit (0.081 U mL™ ') for B-galactosidase. This probe
displays great potential for revealing the function of p-galacto-
sidase in biological organisms."*’

To achieve deeper tissue penetration, a ratiometric NIR
fluorescent probe (41, DCM-fgal) to quantify the activity of B-
galactosidase was reported by Zhu and coworkers (Fig. 31)."*®
The chromophore dicyanomethylene-4H-pyran was utilized as
a fluorescent reporter, and a cleavable B-galactosidase moiety
was used as an enzyme-active trigger. The emission peak at 685

e
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Trigger Moiety Ratiometric and Light-up NIR Mode

DCM-Bgal DCM-O”

Fig. 31 Proposed sensing mechanism for B-galactosidase enzymatic
activation of 41. Reprinted from ref. 128 with permission. Copyright
2016 American Chemical Society.
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Fig. 32 Conceptual scheme of 42 when encountering B-galactosi-
dase. Reprinted from ref. 129 with permission. Copyright 2017 Elsevier
Ltd.
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nm was enhanced upon incubation with B-galactosidase. The
probe could be used for the ratiometric tracking of endoge-
nously overexpressed B-galactosidase distribution in living 293T
cells. This work provides a potential tool for in vivo real-time
tracking of enzyme activity in preclinical applications.

Kim et al. developed another ratiometric NIR fluorescent
probe (42, DCDHF-Bgal) for non-invasive imaging of p-galacto-
sidase (Fig. 32)."* The maximum emission band was red-shifted
from 615 nm to 665 nm upon the activation of probe 42 by B-
galactosidase, indicating that the activity of B-galactosidase
could be ratiometrically monitored by this probe. Furthermore,
probe 42 could detect hepatocellular carcinoma with high
selectivity and sensitivity by sensing [-galactosidase
overexpression.

Subsequently, several fluorescent probes were developed
based on the same strategy shown in Fig. 32. Liu et al. reported
a lysosome-targeting NIR fluorescent probe (43, Lyso-Gal) for
the visualization of lysosomal B-galactosidase in vivo (Fig. 33).
Probe 43 consisted of hemicyanine as the fluorophore and
galactose as the recognition group. Upon reaction with -
galactosidase, Lyso-OH, which emitted bright fluorescence, was
produced. With its beneficial high sensitivity and ultra-fast
response (~1 min) to B-galactosidase, probe 43 could success-
fully visualize endogenous B-galactosidase in ovarian cancer
cells.’*® Compared with other reported probes, probe 43 showed
the fastest response to -galactosidase to date.

As reported in a recent study, Gu et al. developed an NIR-II
fluorescent probe (44, BOD-M-f-gal) for the detection of B-
galactosidase (Fig. 33). Probe 44 showed bright fluorescence
after cleavage by B-galactosidase. Overexpression of B-galacto-
sidase was visualized by probe 44 with NIR-II emission at 900-
1300 nm. Probe 44 could be applied to detect and bio-image

Fig. 33 The structures of fluorescent probes 43-45. These probes
were developed for the detection of $-galactosidase.
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SOVK3 cancer cells and ovarian tumour tissues in nude mice.***
Until now, probe 44 is the only reported NIR-II fluorescent
probe for the detection of B-galactosidase activity.

Tang et al. devised an AIE-based bioimaging probe (45, TPE-
Gal) to monitor the activity of B-galactosidase in living cells
(Fig. 33). To form this tetraphenylethylene (AIEgen)-based light-
up fluorescent probe, a p-galactose residue was applied as the
substrate of B-galactosidase in probe 45. Upon activation by the
enzyme, the p-galactose residue left, promoting the 1, 6-elimi-
nation of p-quinone-methide, releasing the tetraphenyl-
ethylene. Consequently, aggregated tetraphenyl ethylenes
emitted a distinct fluorescence signal. In general, probe (45)
displayed high specificity, good cell permeability, and high
biocompatibility for the imaging of B-galactosidase in cells.**

3.2. Cardiovascular disease

Cardiovascular disease (CVD), a chronic disease responsible for
the largest global disease burden in the world, is closely asso-
ciated with age. CVD is also associated with a number of
different disorders including ischaemia/reperfusion injury,
ischemic heart disease, hypertension and diabetes. Many
reports have indicated that overproduction of ROS is a major
factor contributing to the pathogenesis of CVD due to over-
loading of the capacity of antioxidants and antioxidant enzymes
in vivo. 1313

Creatine kinase (CK), which catalyses the transfer of a phos-
phoryl group from adenosine triphosphate (ATP) to adenosine
diphosphate (ADP), is closely associated with many bioenergetic
processes. CK is widely expressed in many organs, such as
smooth muscle, cardiac muscle, the kidney, the brain and
skeletal tissue. Previous studies reported that CK expression in
cells could protect against ischaemia/reperfusion injury."** In
addition, the CK isoenzyme, CK-B is used as a biomarker of
myocardial infarction. Zhang et al. reported a water-soluble AIE-
based fluorescent probe (46, TPEMA) to sense the activity of CK-
B (Fig. 34).”*¢ The inhibitor ethylmalonic acid was used as the
targeting moiety to deliver the probe into the cavity of CK-B, and
TPE was used as the fluorophore. When probe 46 was inserted
into the cavity of CK-B, the molecular motion of TPE was
restricted, and TPE emitted strong fluorescence. Altogether,
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Fig. 34 The structure of probe 46 (TPEMA). Reprinted from ref. 136
with permission. Copyright 2019 Wiley-VCH.
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Fig. 35 (a) Reaction mechanism of 47 and 49. Reprinted from ref. 139
with permission. Copyright 2019 Springer Nature. (b) Proposed
mechanism for the activation of 48 by TrxR/NADPH. Reprinted from
ref. 138 with permission. Copyright 2016 The Royal Society of
Chemistry.

probe 46 displayed excellent selectivity and high sensitivity
towards the CK-B subunit both in cells and in vitro.

Fang et al. developed a naphthalimide-based TrxR-activat-
able fluorescent probe (47, TRFS-green) in 2014 (Fig. 35a)."*” The
probe showed green fluorescence after its cyclic disulfide scaf-
fold was cleaved by TrxR in the presence of NADPH. 47 could be
used to visualize TrxR activity in living cells and screen inhibi-
tors of TrxR. Then, a red-emission fluorescent probe (48, TRFS-
red) was reported by the same group (Fig. 35b).*** The probe
contained Nile blue derivative as the fluorophore and 1,2-
dithiolan-4-ol as the TrxR recognition group. The maximum
absorption wavelength of probe 48 was red-shifted from 530 nm
to 615 nm upon activation by TrxR. Compared with the authors’
previously reported probe 47 (35-fold), probe 48 possessed
higher sensitivity (90-fold fluorescence enhancement) towards
TrxR. Recently, the Fang group reported another new fluores-
cent probe (49, Fast-TRFS) to detect the activity of TrxR fast and
specifically (Fig. 35a)."* Based on previous work, a superfast
probe was optimized, synthesized and demonstrated to exhibit
150-fold enhanced fluorescence after incubation with TrxR.
More importantly, 49 displays better selectivity to TrxR than do
47 and 48. Further mechanistic studies reveal that switching on
the fluorescence of 49 is achieved by the reduction of the
disulfide bond only and the process of cyclization-driven release
(CDR) is not necessary, which is different from the mechanism
underlying the activation of 47 or 48. This work provides a high-
throughput assay to screen for inhibitors of TrxR.

3.3. Neurodegenerative disease

Neurodegenerative diseases are a heterogeneous group of
disorders caused by progressive damage to the central nervous

© 2021 The Author(s). Published by the Royal Society of Chemistry
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system. Common neurodegenerative diseases include AD, PD
and Huntington's disease (HD).** In most neurodegenerative
diseases, abundant abnormal proteins (Af, tau) aggregate in
neural cells and extracellular compartments, affecting post-
translation processing, protein solubility, and fibril formation.
These aggregated proteins cannot be degraded by proteases,
autophagy or the ubiquitin-proteasome system. In addition,
ROS induced oxidative stress has been implicated in the exac-
erbation of neurodegenerative diseases.'*"'*> Therefore, the
development of fluorescent probes to detect ROS and ROS-
associated proteins is necessary for a comprehensive under-
standing of the biological mechanism of ROS in neurodegen-
erative diseases.

3.3.1 Fluorescent probe for AB. To investigate the biolog-
ical molecular mechanism of AD, many fluorescent probes have
been developed to explore the level of aggregated A in neuro-
degenerative diseases."**'** Kim et al. reported two fluorescent
probes for the detection of AB plaque levels (Fig. 36). The two-
photon fluorescent probe (50, SAD1) showed high specificity for
binding AB plaques.**® With a two-photon action cross-section
of 170 GM, the probe could be applied to TPM imaging. In
addition, probe 80 could cross the blood-brain barrier for the
visualization of AB plaques in living mice.

Yi et al. reported several fluorescent probes for the detection
of AB in AD (Fig. 36). In 2016, a spiropyran-based fluorescent
probe (51, AN-SP) with an amino naphthalenyl-2-cyano-acrylate
constituent as the targeting group for the imaging of AB oligo-
mers with high affinity was developed.*® The fluorescence of
probe 51 visibly changed in the presence of Ap oligomers. The
probe could detect AB oligomers in both brain sections and
living AD mouse models.

Many AIE-based fluorescent probes have been developed to
explore aggregated AB. Zhu et al. developed an NIR AIE-based

51

NO,

Fig. 36 The structures of probes 50-52. These probes were devel-
oped for the detection of AB.
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DK2). (b) Schematic illustration of probe 53 for detection of Ap.
Reprinted from ref. 148 with permission. Copyright 2016 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

fluorescent probe (52, QM-FN-SO;) for the visualization of AP
plaques (Fig. 36)."” This probe 52 was ultrasensitive towards AP
plaques, owing to its remarkable binding affinity for AB pla-
ques. Moreover, probe 52 could traverse the blood-brain barrier
with excellent photostability. AR plaques in living mice were
successfully visualized by probe 52.

Tian et al. reported a ratiometric AIE-based fluorescent probe
(53) for the imaging of AP and fibrils (Fig. 37). A silole-based
AlEgen and fluorescent glycoprobes joined by supramolecular
assembly constitute the probe (AIE-GNP). In the presence of AB,
since the interaction between the AlEgen (DES) and the hydro-
phobic region of AR was stronger, AR could competitively bind
DES and block FRET between DES and glycoprobes (Dks). The
FRET efficiency between AlEgen and the glycoprobes accurately
indicated the levels of AB and fibrils.**®

3.3.2 Fluorescent probes for tau. Tau is a member of the
microtubule-associated protein family of neuronal proteins. In
neurodegenerative diseases, tau proteins are hyper-
phosphorylated, causing their dissociation from microtubules
and aggregation to form neurofibrillary tangles in the somato-
dendritic compartment.™® The longest form of tau in the
human brain contains more than 80 phosphorylation sites,
which can be hyperphosphorylated by protein kinases and
phosphatases.”™ In neurons, insoluble aggregates of tau are
integrated into membranes, which changes the membrane
potential and opens voltage-gated calcium channels, inducing
calcium influx. This activates NADPH oxidase, which increases
ROS production, ultimately leading to oxidative stress and cell
death.'™

Several fluorescent probes have been reported to specifically
bind and label tau in vivo. Schmidt et al. synthesized a set of
trimethine cyanine derivative-based compounds to screen
fluorescent probes for the selective imaging of tau fibrils
(Fig. 38). Probes 54 could be used to visualize tau fibrils in the
human AD brain and olfactory epithelium sections. These
results suggest that probe 54 can target tau fibrils with a high
binding rate, good aqueous solubility and low cytotoxicity.*>
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Fig. 38 The structures of probes 54-58. These probes can image tau
aggregates selectively.

Kim et al. designed a BODIPY-based fluorescent probe (55,
BD-tau) to observe aggregated tau in cells (Fig. 38). Probe 55
exhibited a 3.2-fold increase in fluorescence intensity in tau
aggregates. Probe 55 could selectively image tau aggregates
without interference from tau pre-aggregates or BSA, suggesting
its high selectivity. Probe 55 could be used to detect patholog-
ical tau aggregates in live hippocampal neurons, indicating its
potential for screening anti-tau aggregate drugs."*

NIR fluorescent probes may possess wider application in
fluorescence imaging due to their deep penetration. Chong
et al. developed NIR fluorescent probes 56 (3 g) and 57 (3 h) to
identify tau fibrils in cells (Fig. 38).*** The fluorophore curcumin
was used as a fluorescent reporter in a series of probes with
a novel donor-m-acceptor architecture. The fluorescence prop-
erties of these probes were evaluated. Upon mixing with tau, the
probe 56 and 57 exhibited large Stoke shifts with emission at
650 nm. In addition, probes 56 and 57 evoked brighter fluo-
rescence towards tau aggregates over AR fibrils, suggesting that
probes 56 and 57 possessed high selectivity.”* The authors also
reported a curcumin-based NIR fluorescent probe (58) for the
imaging of tau fibrils in 2015."* A curcumin derivative was
chosen as the fluorescent reporter and tau fibril-specific
binding group. Intense fluorescence was observed upon mixing
with tau fibrils, confirming its higher binding affinity for pre-
aggregated tau.

3.3.3 Fluorescent probes for monoamine oxidases. Mono-
amine oxidases (MAOs, EC 1.4.3.4), which include two isozymes
in mammalian tissues, MAO-A and MAO-B, are a family of
enzymes that catalyse the oxidative deamination of mono-
amines. MAO catalysis requires flavin adenine dinucleotide
(FAD) as a cofactor. In addition, ROS are simultaneously
produced when MAOs catalyse the transformation of biogenic
amines to aldehydes. Over-activation of MAOs in brain tissues
increases the level of ROS, which leads to oxidative stress and
eventually promotes the occurrence and development of
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Fig. 39 The proposed detection mechanism of probe 59 with MAO-A.
Reprinted from ref. 159 with permission. Copyright 2017 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

neurodegenerative diseases."*® Both MAO-A and MAO-B exist in
neuronal cells and astrocytes, and their substrate specificities
are different. The preferable substrate of MAO-A was serotonin
(5-hydroxytryptamine, 5-HT), while MAO-B showed higher
affinity towards benzylamine and phenylethylamine.*”**®

Inspired by the characteristic structures of MAO-A inhibi-
tors, Ma et al. reported a strategy to design and synthesize
a fluorescent probe (59) for the specific imaging of MAO-A
(Fig. 39). Based on this strategy, the structure (i.e. phenol with
different substituents) of clorgyline (the specific inhibitor of
MAO-A) was combined with propylamine, a new specific
recognition unit for MAO-A, connected to the fluorophore
resorufin.” In the presence of MAO-A, the amino group in the
probe was oxidized to imine and underwent deamination to
form an aldehyde. Then, the propionaldehyde was removed by
a P-elimination reaction, and the substituted phenol was
removed by 1,6-rearrangement elimination, ultimately releasing
resorufin. Altogether, probe 59 possesses the highest specificity
for the detection of MAO-A and can distinguish between MAO-A
and MAO-B.

Many two-photon fluorescent probes have been reported to
detect the activities of MAOs. Kim et al. developed a two-photon
probe (60, PCP-1) for the specific targeting and imaging of MAO-
A (Fig. 40). This probe consisted of a rhodamine derivative as
a two-photon fluorescent group and an MAO-A-selective inhib-
itor (moclobemide) as a specific recognition. The probe targeted
and bound MAO-A through a selective inhibitor of MAO-A and
could monitor MAO-A in cancer cells. In addition, probe 60
prevented the proliferation and metastasis of cancer cells by
inhibiting the activity of MAO-A.**

Fig. 40 Design of probe 60 targeting MAO-A for the detection of
prostate cancer. Reprinted from ref. 160 with permission. Copyright
2019 The Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Yao et al. reported the first two-photon enzyme probe (61,
U1) for the specific detection of MAO-B activity (Fig. 41a).**
Probe 97 contained a 2-methylamino-6-acetylnaphthalene
(acedan) moiety as the fluorophore and a propylamine moiety
as a reactive group specific for MAO-B. Initially, due to the PeT
process between acedan and the adjacent carbamate, the fluo-
rescence of acedan was quenched. In the presence of MAO-B,
the amino group was oxidized to an aldehyde group (via an
imine intermediate), and propionaldehyde and CO, were
spontaneously released through B-elimination. Then, free Flu1l
was released, emitting strong fluorescence based on blockade of
the PeT effect. This probe could detect the activity of MAO-B in
biological samples with high sensitivity and specificity. In 2015,
by combining the fluorophore of probe U1l with the proteome
profiling handle of the previously reported proteome-profiling-
enabled probe P3, the authors further described a new activity-
based dual-purpose probe (62, M2) for the detection of MAO-B
activity (Fig. 41b)."*> Probe 62 can detect endogenous MAO-B
activity via in situ proteome profiling and live-cell imaging.
Furthermore, this probe could detect the activity of MAO-B in
established PD models.

Based on this work, the structure of naphthalene in probe U1
was retained by exchanging the positions of the propylamine
warhead and fluorophore, and combined with N-alkylated tet-
rahydropyridine to obtain the first MAO-A-specific two-photon
fluorescent probe (63, F1) (Fig. 41¢c).** In the presence of MAO-
A, the probe was oxidized to oxF1, and then transformed to FD1
through chemical or enzymatic oxidation in the system.
Subsequently, the tetrahydropyridine group in probe 63 was
oxidized to pyridine, which had strong electron-withdrawing
ability, leading to increased fluorescence based on an enhanced
push-pull electron effect. Probe 63 was successfully used to
detect MAO-A activity in fresh mouse/human brain and tumour
tissues. Probes 61-63 reported by Yao'®™'® and co-workers

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 42 The structure of probe 64. Reprinted from ref. 164 with
permission. Copyright 2020 American Chemical Society.

possess excellent selectivity towards MAO-B or MAO-A and are
powerful tools for PD diagnosis.

Several NIR MAO-activatable fluorescent probes were
designed. Qin et al. created four mitochondrial-targeted dihy-
droxanthene (DH)-derived NIR fluorescent probes, DHMP1-4,
for the detection of MAO-A; among these probes, probe 64
(DHMP2) was the most efficacious (Fig. 42). Probe 64 contained
a dihydroxanthene group as the fluorophore, a propylamine
group as the MAO-A reaction unit, and a tetramethyl-indole
cation group as a mitochondrial targeting group. Upon cleavage
by MAO-A, the hydroxyl group of the probe was exposed,
restoring fluorescence. Probe 64 was used to monitor MAO-A
activity in cellular mitochondria, zebrafish and tumour-bearing
nude mice.'*

To simultaneously image the activity of MAO-B and the
generation of ROS, Chen and co-workers developed two NIR
ratiometric fluorescent probes, probes 65 (MitoHCy-NH,) and
66 (MitoCy-NH,) (Fig. 43). In the presence of MAO-B, conversion
of the amino group to an imine intermediate catalysed by MAO-
B was accompanied by the generation of ROS, and the reduced
fluorophore in probe 65 was oxidized by ROS to restore fluo-
rescence. Subsequently, the absence of the propylamine group

MitoHCy-NH, Mito-Cy

S ROS
FAD—A{F‘WW
“waos
66

Ney +
R= YA PP
N
MitoCy-NH, \,Q’

Mito-Cy

Fig. 43 Molecular structures and the proposed detection mechanism
of 65 and 66. Reprinted from ref. 165 with permission. Copyright 2018
American Chemical Society.
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caused B-elimination, leading to blue-shifting of the fluores-
cence maximum emission wavelength of the probe. Therefore,
probes 65 and 66 can be used for the synchronous detection of
MAO-B and ROS in cell and aging mouse models."*

Recently, a double-locked strategy was used to design
a fluorescent probe. Zhang et al. designed a double-locked
probe (67, NML) for the detection of LAP and MAO activities
(Fig. 44). Probe 67 contained leucine, propylamine and an NIR
fluorophore (NF). The leucine was connected to the amino
group of propylamine through a pseudo-peptide bond, and the
other end of the propylamine was incorporated into NF with an
elimination-type spacer (para-hydroxybenzyl group). In the
presence of LAP and MAO, the pseudo-peptide bond between
the leucine and propylamine groups was cleaved by LAP, and
the exposed amino group was oxidized by MAO, which further
caused a B-elimination reaction and released the NF. Probe 67
could distinguish normal, drug liver injury and cirrhotic mice
by detecting the activities of LAP and MAO in the serum.**

3.3.4 Fluorescent probes for acetylcholinesterase. Acetyl-
choline (ACh) is a key neurotransmitter in the nervous system
that can transmit messages from nerve cells to other cells. The
level of ACh in the brain has a direct correlation with the
progression of neurodegenerative diseases, such as AD and

Fig. 45 Recognition mechanism of probe 68 and structure of MCYO.
Reprinted from ref. 168 with permission. Copyright 2019 American
Chemical Society.

1638 | Chem. Sci,, 2021, 12, 11620-11646

View Article Online

Review

Fluorescence "silent"

Strong NIR Fluorescence

Fig. 46 Proposed recognition mechanism for 69 sensing AChE.
Reprinted from ref. 169 with permission. Copyright 2019 American
Chemical Society.

depression. Acetylcholinesterase (AChE, EC:3.1.1.7) is a kind of
hydrolase enzyme that catalyses the hydrolysis of ACh into
acetate and choline, resulting in the accelerated production of
AR to form amyloid fibrils. Inhibiting the activity of AChE was
shown to be an effective therapeutic strategy for AD. Therefore,
various methods to detect AChE and screen for inhibitors have
been established.'®”

Tang et al. synthesized a two-photon fluorescence probe (68,
MCYN) that contained merocyanine as a fluorophore and
dimethyl carbamate as an enzymatic recognition unit for the
real-time detection of AChE activity (Fig. 45)."*® When AChE
catalysed the cleavage of the dimethyl carbamate group in probe
68, MCYO was produced, accompanied by an enhanced push-
pull electron effect, causing the emission of bright fluorescence.
Probe 68 was successfully employed to sensitively and selec-
tively monitor AChE activity in living cells and in the brains of
mice with depression. This work also suggested that the O,
level is positively correlated with AChE activity in depression.

Based on this work, Guo et al. developed an NIR “turn-on”
fluorescent sensor (69, CyN) consisting of an N,N-dimethyl
carbamyl moiety as the AChE recognition substrate and hemi-
cyanine as the fluorescent reporter for the highly selective
detection of the AChE (Fig. 46)."* Upon cleavage of the carbamyl
group by AChE, probe 69 was transformed into a hemicyanine
dye (CyOH). The fluorescence intensity of the probe was
distinctly enhanced due to the push-pull electron effect in
CyOH. This probe was used to monitor changes in AChE activity
in cells and in zebrafish.

Furthermore, many other NIR fluorescence sensors and
FRET-based nano probes were also developed to sense the
activity of AChE.”*'"" For instance, Qian et al. assembled
a fluorescence nanoprobe, polycytosine-templated silver nano-
clusters (dC1,-Ag NCs), for the ultrasensitive tracking of AChE
activity.'”” Hu et al. exploited a carbon dot (CD)-based ratio-
metric fluorescence sensor to track AChE and butyr-
ylcholinesterase (BChE) activities.'”?

3.4. Fibrotic disease

Fibrosis is frequently associated with many chronic inflamma-
tory diseases, such as cardiomyopathy, diabetes, obesity,
pneumonia and liver diseases. The excessive accumulation of
fibrous connective tissues around damaged tissue leads to
scarring, organ dysfunction, death, and diseases including
renal fibrosis, idiopathic pulmonary fibrosis (IPF) and liver

© 2021 The Author(s). Published by the Royal Society of Chemistry
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fibrosis.””* ROS play an essential role in fibrosis by their
involvement in the TGF-B1 signalling pathway and post-tran-
scriptional and epigenetic mechanisms. Although many
immunological and molecular mechanisms contribute to the
progression of fibrotic disease, specific biomarkers to identify
disease and evaluate the effect of therapy are lacking.'”
Therefore, it is highly important to develop fast, specific fluo-
rescent probes to sense biomarkers of fibrotic diseases in real
time.

3.4.1 Fluorescent probes for fibroblast activation protein.
Fibroblast activation protein (FAP, EC 3.4.2.1.B28) is
a membranous glycoprotein among serine proteases of the
prolyl oligopeptidase gene family. FAP participates in fibrosis,
extracellular matrix degradation, tissue remodelling, inflam-
mation and tumour growth.'® FAP expression is scarce in
healthy tissues, but FAP is overexpressed in tissue modelling,
fibrotic diseases and tumours. Furthermore, FAP was shown to
be involved in extracellular matrix remodelling and collagen
clearance, especially in mouse models of IPF.*”” In addition,
ROS play an essential role in fibroblast activation.'”® Therefore,
many studies have been performed to develop FAP specific
fluorescent probes for the detection of FAP in various biological
processes.'”*'8°

Li et al. reported a bioluminogenic probe (70) for the imaging
of FAP in vivo and screening of FAP inhibitors in vitro."®* N-
Carbobenzyloxy-Gly-Pro-OH (Cbz-Gly-Pro-OH) served as the
FAP substrate in this probe (Fig. 47). When the substrate of
firefly luciferase, aminoluciferin, was caged by Cbz-Gly-Pro-
OH, the bioluminescence of probe 70 was undetectable. After
being released by FAP, the probe generated bioluminescence via
the reaction between aminoluciferin and firefly luciferase.
Probe 70 showed a 185-fold increase in bioluminescence upon
the addition of 500 ng mL ' FAP. With an extremely low
detection limit of 0.254 ng mL™", probe 70 was used to evaluate
the activity of FAP with high selectivity and sensitivity in living
mice.

Recently, a series of NIR fluorescent probes for the detection
of FAP were developed. Pu et al. reported an NIR fluorescent
probe (71, FNP1) that could be activated by FAPa to image keloid
and skin cells (Fig. 48)."®* This probe consisted of a CyOH as the
fluorophore and a carbobenzyloxy-Gly-ProOH (Cbz-Gly-Pro) as
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ref. 182 with permission. Copyright 2018 Wiley-VCH.
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Fig. 49 Mechanism of the probes 72 for FAP imaging. Reprinted from
ref. 183 with permission. Copyright 2018 The Royal Society of
Chemistry.

a reactive group specific for FAPa. These two moieties were
linked by a carbamate-based self-immolative moiety. With the
addition of FAPa, the substrate and the self-immolative moiety
were cleaved; therefore, CyOH, which contained a free hydroxyl
group, emitted bright fluorescence. Due to its beneficial high
selectivity and sensitivity towards FAPa, probe 71 can distin-
guish keloid cells from other normal skin cells, allowing it to
detect abnormal scar fibrous lesions at an early stage.
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Fig. 47 Design strategy for the probes 70 of FAP. Reprinted from ref.
181 with permission. Copyright 2019 American Chemical Society.
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Fig. 50 Structure of probe 73 for FAP imaging. Reprinted from ref. 184
with permission. Copyright 2012 American Chemical Society.
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Wu et al. developed a hemicyanine-based FAP-activatable
NIR fluorescent probe (72, HCFP) consisting of hemicyanine as
the fluorophore and a dipeptide derivative as the recognition
group for FAP (Fig. 49)."® In the presence of FAP, the amide
bond was cleaved, releasing the amino fluorophore, which
exhibited strong fluorescence. Probe 72 possesses good selec-
tivity and sensitivity for cancer cell detection via in vitro and in
vivo imaging.

Cheng et al. explored a FRET-based NIR fluorescence probe
(73, APNFAP) for the detection of FAPa. in vivo (Fig. 50). Probe 73
consisted of an NIR dye (Cy5.5) and a quenching dye (QSY21)
linked by a FAPa-specific peptide substrate (KGPGPNQC). Due
to the FRET effect between Cy5.5 and QSY21, the fluorescence of
probe 73 was initially quenched. Upon cleavage by FAPa, the
specific peptide bond was broken, causing the release of Cy5.5,
which emitted bright fluorescence. Probe 73 was applied to
label FAPa-positive tumour cells with high selectivity in vivo.***

3.4.2 Fluorescent probes for glutathione S-transferases.
The glutathione S-transferases (GSTs, EC 2.5.1.18) are a family
of protein isozymes involved in phase II metabolism that can
eliminate ROS and catalyse the conjugation of glutathione
(GSH) to numerous hazardous xenobiotics.’® There are three
superfamilies of GSTs: cytosolic GSTs (including 13 classes of
GSTs: alpha, beta, delta, epsilon, zeta, theta, mu, nu, pi, sigma,
tau, phi, and omega), mitochondrial GSTs, and microsomal
GSTs. GSTs play crucial roles in IPF, hepatic fibrosis, hormone
biosynthesis, peroxide breakdown and dehydroascorbate
reduction.'*

Nagano et al. designed and synthesized the first GST fluo-
rescent probe 74.'* The probe was composed of a xanthene
group as a fluorophore and 3,4-dinitrobenzanilide (NNBA) as an
enzyme-recognition site (Fig. 51). Probe 74 contained a hydro-
philic carboxyl group that could detect GST activity in
recombinant cells and lysates in vitro. To improve permeability,
a lipophilic methyl group was introduced into probe 75.
Therefore, 75 allowed good optical characterization to detect
GST in living cells. In the presence of GST, GST catalysed GSH to
replace the nitro group on the 5-position carbon in NNBA,
enhancing fluorescence via blockade of the PeT process.
Therefore, probe 74 can be used for high-throughput screening

NI

|
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Fig. 51 The structures of probe 74 and 75, and GST-catalyzed glu-
tathionylation of 74.
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Cy-GST-GSH

Fig. 52 Proposed detection mechanism of the probe 76 against GSTs.
Reprinted from ref. 188 with permission. Copyright 2019 American
Chemical Society.

of GST inhibitors, and probe 75 can be applied to detect GST
activity in live cells with high spatiotemporal resolution.

Lv et al. developed an “off-on” switch NIR fluorescent probe
(76, Cy-GST) for the detection of GSTs (Fig. 52). Cy-GST con-
tained a specific substrate of human GST (3,4-dini-
trobenzanilide moiety) as the specific response group, and
a benzoheptamethine cyanine dye as the fluorescent reporter
group. The fluorescence of the probe was quenched due to PeT
between the fluorophore and the strong electron-withdrawing
3,4-dinitrobenzanilide moiety. In the presence of GSTs, GSTs
catalysed the binding of glutathione to probe 76, resulting in
the sulfhydryl substitution derivative Cy-GST-GSH. Gluta-
thionylation of probe 76 blocked the PeT process and restored
the fluorescence. Probe 76 was used to detect GST in cells and
IPF mouse models with high selectivity.**®

3.5. Infectious diseases and inflammation diseases

Viruses, bacteria, and parasites comprise a vast group of
aetiological agents that cause acute or chronic diseases and
inflammation in humans. ROS have been implicated in several
infectious diseases by inducing the assembly and activation of
inflammasomes, which are multiprotein cytoplasmic
complexes involved in innate immune signaling pathways in
response to various pathogens and injury. Numerous proteins
participate in intracellular immune-related signaling pathways
and have the potential to be biomarkers or drug targets in the
future. Recently, many fluorescent probes to sense the expres-
sion levels or activities of inflammatory proteins have been
reported."®’

The leukotriene A, hydrolase (LTA,H, EC 3.3.2.6) is a cyto-
solic dual-function enzyme that catalyses the hydrolysis of
leukotriene A, (LTA,) to form the proinflammatory mediator
leukotriene B, (LTB,). As a chemoattractant and stimulator that
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Fig. 53 Schematic illustration of probe 77 for the detection of LTA4H.
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induces ROS generation in macrophages, neutrophils, T-cells,
and other fibroblasts, LTB, is involved in many human
pathologies, such as chronic obstructive pulmonary disease,
inflammatory bowel disease, rheumatoid arthritis, asthma, and
connective tissue disease.'”'* Therefore, LTA,H is believed to
participate in inflammatory progression by the biosynthesis of
LTB,, which suggests that the development of fluorescent
probes targeting LTA,H may contribute to drug discovery.

In 2018, Tang et al. discovered a small molecular fluorescent
probe (77, ASPC) for the detection of LTA,H. This novel two-
photon fluorescent probe (77) incorporated the substrate of
LTA,H (unnatural amino acid -AspBzl) into the fluorophore 7-
amino-4-methylcoumarin (AMC) (Fig. 53)."> The amide bond
between AMC and L-AspBzl in probe 77 could be recognized and
broken by LTA,H, inducing bright green fluorescence under
two-photon excitation at 690 nm. Probe 77 was capable of
monitoring the activity of LTA,H in lipopolysaccharide-stimu-
lated cells by one-photon and two-photon fluorescence imaging.
Moreover, this probe could identify inflamed lung tissues by
imaging LTA,H.

To obtain deeper tissue penetration, a fluorescent and pho-
toacoustic dual-mode imaging probe (78, Cy-ASP) was devel-
oped by the same group in 2019 (Fig. 54).'* The NIR
fluorophore hemicyanine (Cy-NH,) was chosen as the fluores-
cent and photoacoustic signal reporter, and r-AspBzl was used
as the recognition site for LTA,;H. Probe 78 could visualize
LTA,H at inflammatory sites without dissection via fluorescence
and photoacoustic dual-model imaging.
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Fig. 55 (a) The structure of probe 79. Reprinted from ref. 194 with
permission. Copyright 2013 American Chemical Society. (b) Sensing
mechanism of probe 80 for NE. Reprinted from ref. 195 with permis-
sion. Copyright 2019 American Chemical Society.
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Human neutrophil elastase (NE) is a single chain glycopro-
tein consisting of 267 amino acids belonging to the serine
protease family.

When inflammation occurs, neutrophils are recruited to the
inflammatory site, where they release the toxic molecules NE
and ROS, leading to tissue destruction at the inflammatory site.
Many studies have shown that a rise in NE levels is related to
a variety of inflammatory diseases, especially chronic obstruc-
tive pulmonary disease, and acute lung injury. Yang et al. re-
ported several fluorescent sensors to detect the activity of NE.
The first non-peptide-based fluorescent probe that they devel-
oped (79) contained a 7-amino-4-trifluoromethyl coumarin
group as the fluorophore and a pentafluoro-propionyl group as
the quencher (Fig. 55a)."* The amide bond between the fluo-
rophore and quencher was the reaction site for human NE.
Specific cleavage of the amide bond in the probe by NE strongly
enhances fluorescence. In 2019, the authors further presented
an NIR fluorescent probe (80, NEP), which was based on a small-
molecule substrate, for the detection of NE (Fig. 55b). Probe 80
consisted of a pentafluoroethyl moiety as the recognition unit
and a hemicyanine dye moiety as the fluorophore. In the pres-
ence of NE, cleavage of the amide bond by NE restored the ICT
process, inducing the strong NIR fluorescence of hemicyanine
dye. Probe 80 was applied for the real-time monitoring of NE
activity in an acute kidney injury (ALI) mouse model.*

4. Conclusions

The expression levels and activities of proteins are closely
related to numerous metabolic processes, which are accompa-
nied by oxidative stress to varying degrees, in living organisms.
The cooperation between proteins and ROS affects the occur-
rence and development of diseases via either ROS-regulating
proteins or ROS control by proteins. Thus, a thorough under-
standing of the expression levels and activities of ROS-associ-
ated proteins may promote defining the pathogenesis of
diseases and accelerate drug development. In this review, we
illustrate the strategies of fluorescent probe design and sensing
mechanisms of fluorescent probes to identify these proteins
with or without catalytic activity and summarize the advances in
the imaging of these proteins in different diseases with typical
probes made over the past decade. Even so, as some challenges
for the accurate in situ detection of ROS-associated proteins
remain, the following considerations are suggested:

(1) Highly sensitive fluorescent probes for in situ monitoring
of the dynamic ROS modification of proteins should be created.
To date, ROS modification patterns and protein sites are usually
investigated by mass spectrometry in vitro. However, this
method cannot accurately evaluate the concentrations of ROS
and proteins in living cells and neglects upstream and down-
stream regulation. Given that native conditions are absent, this
in vitro method can only partially indicate the interaction
between ROS and proteins. Therefore, one major issue that
needs to be addressed is how to exploit novel fluorescent probes
to examine the ROS modification patterns of proteins in real
time.

Chem. Sci., 2021, 12, 11620-11646 | 11641
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(2) New probes with deeper signal penetration are needed.
Optical penetration depths limit the clinical application of
existing fluorescent probes, such as NIR probes whose pene-
tration is still shallow at approximately 1 mm. The following
strategies are selected as possible solutions. First, NIR fluores-
cent probes whose emission wavelengths are 1500-1700 nm
may be improved tools due to their deep penetration (10 mm),
low level of photo-scattering, and nearly absent auto-
fluorescence.”® Second, PAI probes can provide images at
a high spatial resolution from deep tissues through the
combination of optical and ultrasonic signals. Third, CRET-
based NIR fluorescent probes without an additional light source
are promising for deep tissue imaging applications.*”

(3) The probe response time should be improved. Low
substrate specificity and the high degree of steric hindrance due
to the probe seriously impede enzymatic reactions, leading to
extended probe response times towards the target enzyme. To
raise the reaction rate, screening novel specific substrates with
low Michaelis constant might be helpful.

(4) The simultaneous detection of multiple proteins is
needed. In living organisms, multiple proteins synchronously
regulate cellular processes; however, traditional approaches
still require extensive efforts to verify the undefined roles of
some proteins in signalling networks. Using new probes with
high selectivity and sensitivity, multicolour in situ fluorescence
imaging will provide convincing evidence to reveal how various
ROS-associated proteins are implicated in diseases.

(5) Diagnosis and therapy should be integrated. Based on the
roles of ROS-associated proteins in diseases, multifunctional
fluorescent probes could not only diagnose various diseases in
real time by fluorescence imaging but also facilitate the use of
suitable treatments.'® To further improve efficiency, thera-
nostic agents might have other applications, such as MRI, drug
delivery, and PDT/PTT.
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