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Proteases are excellent biomarkers for a variety of diseases, offer multiple opportunities for diagnostic
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applications and are valuable targets for therapy. From a chemistry-based perspective this review

DOI: 10.1039/d1cs00798 discusses and critiques the most recent advances in the field of substrate-based probes for the

detection and analysis of proteolytic activity both in vitro and in vivo.
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Introduction

Proteases are enzymes with wide-ranging and crucial activities
that mediate the hydrolysis of amide bonds. The residues
within the active site of the enzyme responsible for the biolo-
gical activity allow the partitioning of these enzymes into the
five major classes: so-called serine, threonine, cysteine, aspartic
acid or metallo-based proteases. Cleavage by proteases typically
occurs on well-defined substrates to allow for discrete and
precise regulation of biological functions and takes place
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between two amino acids (P1-P1’) (by endopeptidases) or at
the N- or C-terminus of the peptide (by exopeptidases). Pro-
teases need to recognise their substrate to allow exertion of its
function, with the most crucial amino acid being that located
on the P1 position of the scissile bond. The degree of substrate
specificity is variable, with some proteases accepting a broad
spectrum of substrates and others accepting very few.

The function of proteases is essential for an abundance of
cellular processes, that includes matrix remodelling by metal-
loproteinases during cell growth, angiogenesis and tissue
remodelling;" regulation of cell division by the calpain
family> and the control of programmed cell death by
caspases.® These physiological proteolytic functions are tightly
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regulated and dysfunction of proteases can be highly detrimen-
tal and has been linked to a variety of diseases with examples
including cancer,” diabetes,” inflammation,® vascular diseases’
and Alzheimer’s.® Indeed, Alzheimer’s disease, which is char-
acterised by a cognitive decline, is associated with an accumu-
lation of amyloid-B (AB) plaques produced by a sequence of
proteolytic events of the amyloid precursor protein by o-, - and
y-secretases that result in aggregation and generation of A.°
The disease-causing proteolytic network of Alzheimer’s disease
exemplifies the need for specific and versatile protease probes
in order to distinguish and elucidate the biochemical processes
responsible, such as chemical probes that enable the specific
identification of the aspartyl protease y-secretase.” Proteases
have emerged as excellent disease biomarkers. For instance,
thrombin is widely used as a biomarker in the diagnosis of
blood disorders and prostate cancer. Proteases are also attrac-
tive drug targets, with a variety of inhibitors developed used to
treat diseases such as the HIV-1 protease inhibitors to treat
AIDS,*° and captopril to treat hypertension.*

Understanding the role of proteases in disease and the
evaluation of treatment efficacy are crucial for the success of
the drug development process, but current gold-standard meth-
ods typically rely on in vitro detection by genetic expression
measurements or immunostaining. However, these methods
base their detection on indirect measurement of protease
concentration instead of proteolytic activity and they cannot
distinguish between active and inactive (pro-forms) of the
protease. Peptide-based probes have emerged as an alternative
to these methods to allow the evaluation of the activity of a
variety of proteases.'”'* A key advantage is that these probes
rely solely on “real” proteolytic activity and allow both in vitro
and in vivo evaluation in real time. These probes typically
contain a peptide-targeting moiety (that is recognised by the
protease) and a reporter (e.g. a fluorophore, a contrast agent, an
electrochemical tag or a mass tag). Peptides are ideal as the
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recognition element as they mimic the endogenous substrate
and offer high natural specificity, while providing a scaffold for
the attachment of labels or signal transducers.

In vivo imaging of proteolytic activity is becoming extremely
useful in the area of diagnostics or for optical-image-guided
surgery."* Fluorescent peptide-based probes are widely used in
optical imaging, with many efforts pushing into the near
infrared imaging window of the spectrum," where biological
tissues are silent and penetration of light is enhanced. In recent
years, other approaches have made an appearance as promising
alternatives to fluorescence-based technologies. These include
chemiluminescent probes, that do not need an external light
source and provide virtually no background signal, and photo-
acoustic imaging that offers great promise for deep-tissue
imaging, with the main advantage of being able to image tissue
at depths of more than 1 cm.

Bench-top or in vitro technologies for laboratory analysis of
proteolytic activity have seen advances in the area of colori-
metric detection; with applications for in vitro, low cost and
easy-to read analysis, electrochemical probes, with redox-based
detection of proteases offering an alternative to other methods
where complex media samples might affect other detection
methods such as fluorescence. The area of MS and proteomics
has seen proteolytic profiling appearing with applications in
disease diagnostics and comparative analysis of proteolytic
activity in health and disease. In this review, we discuss recent
advances in the area of probes for the detection of proteases
and new strategies in the area of FRET, pro-fluorophores,
bioorthogonal reactions, aggregation-induced emission and
chemiluminescence based optical probes as well as methods
based on photoacoustic contrast agents, electrochemical detec-
tion, mass spectrometry and colorimetric reporters.

Comprehensive reviews have been published in the field of
protease activity and we would like to highlight those of Ong,®
Oliveira-Silva'” and Zhang."*

Professor Mark Bradley has led
research groups in the UK for over
30 years with funding from across
the research councils and a variety
of commercial and translational
concerns. He has published over
440 papers and book chapters, has
an H-factor of 62, filed >25 patents
and spun-out five (still active)
companies. The main focus of the
Bradley group is in the area of life-
sciences, specifically the application
of the tools of chemistry to allow the
manipulation, control and under-
standing of specific biological processes and functions and to address
specific biological questions, problems in the areas of fluorescent
reporters, smart materials/polymers and in vivo chemistry (see www.
combichem.co.uk).

WTLATRE TR
Mark Bradley

This journal is © The Royal Society of Chemistry 2022


http://www.combichem.co.uk
http://www.combichem.co.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00798j

Open Access Article. Published on 21 February 2022. Downloaded on 8/1/2025 7:02:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

1. Optical imaging
1.1 Fluorescence

1.1.1 FRET. FRET based probes for proteases are based on
the Forster Resonance Energy Transfer (FRET), process where a
fluorophore (donor) in its excited state non-radiatively transfers
its energy to another chromophore in its ground state through
long range dipole-dipole interactions'® (or perhaps viewed
more simply via orbital overlap). When the acceptor molecule
is a non-emissive quencher such as a simple dye it undergoes
relaxation to its ground state by non-emissive processes. The
energy transfer efficiency is determined by the orientation/
rotation of the fluorophores and the extent of overlap between
the emission spectrum of the donor fluorophore and the
absorption spectrum of the acceptor as well as distance, with
a separation of 4 to 6 nm considered optimal for the energy
transfer to be efficient,">*® although molecules are non-static,
and small peptides undergo large conformational changes.

Cleavage stops the energy transfer (the quenching) of the
fluorophore, “turning on” the fluorescence (Scheme 1). It is
vital that peptide cleavable “spacers” display high specificity
towards the target protease, while the signal to noise ratio of the
cleaved and non-cleaved FRET pair is high. Many routes to discover
optimal substrates/spacers for FRET protease assays exist. These
include a variety of combinatorial approaches (both solid*'** and
solution based,”® MS substrate profiling methods,*»** phage
libraries™ or substrate modification of known substrates, including
direct screening on complex tumour tissues.”” Many FRET peptide
probes have been developed®®° and there are reviews covering this
area so here we highlight some key and novel examples'*'® with
FRET based probes developed for legumain,* thrombin,** SARS-
CoV protease,” Granzyme B** and Cathepsins,”* among others.

Key successes in this area include improvement of the signal
to noise ratio of conventional linear FRET-probes, shifting the
emission into the NIR range®® or by addition of chains of
positively and negatively charged amino acids on opposite sides
of the cleavage site that result in an “electrostatic zipper”
whereby folding of the peptide brings the fluorophore and
quencher into closer proximity via a hairpin-type structure to
facilitate activity-dependent imaging.”®*® In these probes, not
only does the hairpin enhance the quenching but the
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Scheme 1 FRET probes where the light emitted by the fluorophore (F) is
transferred to the quencher (Q) until the FRET is disrupted by the action of
a protease causing the release of the fluorophore and restoring its
emission.
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polycationic species promotes cellular entry upon cleavage. A
useful review covering this field was published by Tsien,*” and
clearly the concept could be extended to include oppositely
charged fluorophores, that by themselves promote hairpin
formation.

Some FRET probes have shown excellent applicability
in vivo. Thus, a broad spectrum probe for detection of cathe-
psins using sulfo-Cy5 and QSY21 as a FRET pair was
developed®® and later optimized incorporating the FDA-
approved dye ICG, as the NIR-emitting dye and was successfully
used for fluorescence-guided-surgery in mouse and ex vivo in
keratinocyte carcinoma.’® One probe® (1), was recently vali-
dated for intraoperative assessment of cancer margins during
surgery. It uses the same FRET pair and was designed for the
detection of activated cathepsins K, L, S and B (Fig. 1a).""™** A
series of fluorescent FRET based probes (2) (ProSense), based
on self-quenching of multiple copies of the same fluorophore
(Cys.5) within a repeating graft copolymer* have successfully
been developed for in vivo imaging in animal models for the
detection of MMPs, cathepsins, renin and neutrophil elastase
(Fig. 1b). Recently, a tribranched FRET based probe for sensing
MMP activity®® in patients with fibroproliferative lung disease
allowed in situ imaging of MMP activity and allowed the
assessment of pharmacological action in human disease using
optical molecular imaging. A “tumour painting probe” (3)*°
(Fig. 1c) has also been developed that contained a green FRET
pair (FAM/Methyl Red) on opposite sides of an MMP 2/9
cleavable sequence, that produced a signal upon protease
cleavage. The construct also contained a NIR fluorophore that
served as an “always on” reference (sulfoCy5). Thus, activation
of the probe by MMPs resulted in two signals, the reference NIR
dye and the liberated carboxyfluorescein. Interestingly, once
the construct was cleaved, the reference NIR dye fragment,
“painted” the tumour tissue allowing tumour margin visualiza-
tion on ex vivo tissue (Fig. 3a).

Two-photo excitation (TPE) fluorescence has attracted much
attention in the area of optical imaging as it allows for deeper and
more accurate localisation of the probe (the focal volume for TPE
is small) but the method also needs higher power laser sources
compared to one-photon technology (although at far longer
wavelengths). Probes based on TPE technology have been
designed for the detection of caspase 3 using the generic substrate
(DEVD)" with the naphthalene-pyrazoline two-photon absorber
coupled to a dabcyl quencher via a caspase 3 cleavable peptide.
The construct also allowed for tuneable targetability with mod-
ification of the pyrazoline substituent accommodating a cRGD
motif to target cancer cell uptake. Yan*® developed a two-photon
fluorogenic reporter for caspase-3 using two-photon absorbing
nanomicelles, with the B-cyclodextrin based micelles contained
the two-photon absorbing dye trans-4-[p-(N,N-diethylamino)styryl]-
N-methylpyridinium iodide. The micelles were modified with
caspase 3 cleavable peptides labelled with the Black Hole
Quencher (BHQ-2) that quenched the emission from the micelles
until cleaved by the protease.

Multi-branched scaffolds®”**>> have been used to reduce
probe background signals and enhance signal amplification via

Chem. Soc. Rev., 2022, 51, 2081-2120 | 2083
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Fig. 1 (a) A cathepsin reporter using the ICG/QSY21 FRET pair probe in clinical studies.® (b) Structure of the generic “ProSense” probe using Cy5.5
homo-labelling.** (c) MMP dual probe for painting tumours,*® with cleavage generating a Cy5.5 fragment that sticks to the tumor tissue. Also note that
this probe is terminated with a p-Lys residue to provide proteolytic stability.

the generation of multiples copies of the same fluorophore.
This strategy initially used “self-quenching” between identical
fluorophores of homo-labelled probes, where each chromo-
phore had a dual role of being a donor as well as an
acceptor.”®** A self-quenching green emitting tri-branched
dendrimer probe for human neutrophil elastase (HNE) was
reported,”® with the multivalent scaffold consisting of three-
peptide branches specifically cleaved by HNE, each capped with
a 5-carboxyfluorescein group.”” In 2018, the concept was mod-
ified to include a quencher on each of the peptide sequences to
allow the synthesis of a broad-spectrum serprocidin probe,
yielding a so-called ‘“‘super-silent probe’” with negligible back-
ground fluorescence and much higher signal amplification.*’
More recently, optimisation of the system allowed the synthesis
of a highly specific HNE probe (4, Fig. 2a), with excellent signal
amplification and negligible background fluorescencethat
allowed visualisation of Neutrophil Extracellular Traps> with-
out the need of antibodies®® (Fig. 3b). Multivalent or dendri-
meric FRET reporters have been reported where scaffolds are
modified with FRET-peptide reporters and targeting moieties
on a central core. Nagai used anionic carboxy-terminal poly-
amidoamine (PAMAM) based-dendrimers (5), known to accu-
mulate in the lymph nodes, as a core for the incorporation of a
FRET substrate peptide allowing the detection of MMP-2°7
(Fig. 2b). Brennecke used a tetravalent DOTAM scaffold to

2084 | Chem. Soc. Rev., 2022, 51, 2081-2120

prepare probe (6) for the detection of Cathepsin S, each scaffold
being modified to accommodate two copies of a cRGD tumour-
directing peptide on two of the four carboxylic acids, a Cy3 on a
third functionality and finally a Cathepsin S cleavable sequence
containing a BHQ-2 quencher (Fig. 2c),*® on the fourth arm.
The incorporation of FRET-reporters onto/into nanoparticles as
carriers, offers opportunities for novel diagnostic applications.
A recent example is the development of a non-invasive nanop-
robe capable of detecting granzyme B dependent transplant
rejection via analysis of urine samples. Exposure to iron oxide
nanoparticles functionalised with FRET-labelled peptides,
releases the fluorescent reporter into the urine and allows
identification of the onset of rejection with high sensitivity
and specificity.””®® Detection of multiple target proteases
offers the possibility of establishing molecular signatures of
diseases and therapy monitoring.®® Polydopamine nano-
particles (PDANPs) have been used as broad-spectrum
quenchers and carriers of multiple fluorophore-labelled
peptides.®® Thus, a 4-colour nano-reporter (7) was developed
by assembly of four differently labelled fluorescent peptide
substrates (urokinase-type plasminogen activator (uPA), MMP-
2, cathepsin B, and MMP-7) labelled with AF405, FITC, Cy3
and Cy5 respectively, onto the PDANPs via n-n interactions
with aromatic amino acid residues in the peptides/dyes
(Fig. 2d). Negatively charged fluorescent PDANPs have been

This journal is © The Royal Society of Chemistry 2022
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used to build a system with protamine to form an aggregation- relying here on electrostatic interactions between the posi-
based quenching system (via a static quenching tively charged protamine and the negatively charged PADNPs
mechanism).®* The fluorescence quenching mechanism with Trypsin cleavage de-quenching the system.
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(a) Fluorescence images delineating tumour margins using the MMP FRET probe
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3.%6 Upper row: Bright field microscopy image and fluorescence

image of freshly excised lung slice, with pathologically identified adenocarcinoma (Ad), transition zone (Tr) and normal (N) tissue, following incubation
with the probe. Lower row: Control tissue from the same patient sample without the addition of compound 3 was used as a measure of tissue
autofluorescence within this spectral window. Reproduced from ref. 46 with permission from the Royal Society of Chemistry, copyright 2020. (b)
Fluorescence microscopy image of a Neutrophil Extracellular Trap stained with HNE FRET probe 4°¢ (green), DAPI (blue) and SYTOX orange (red). Arrows
indicate chromatin studded with activated probe, indicative of chromatin release by activated cells. Reproduced from ref. 56 with permission from the

Royal Society of Chemistry, copyright 2021.

A probe (8) that allowed multiple molecular targets to be
simultaneously analysed was demonstrated with a dual-enzyme
probe® for thrombin and MMPs, allowing detection of two
distinct classes of proteolytic extracellular proteins that play
important roles in early carcinogenesis. The probe construct
was assembled by copper mediated “click” conjugation of two
FRET-labelled substrates with orthogonal excitation-emission
wavelengths (Fig. 4a). Widen recently reported an AND-gate (9)
that relies on activation by two proteases for a fluorogenic
response,® in this system, a central fluorophore was flanked by
two quencher-labelled peptides targeting different proteases,
cleavage of both substrates and release of the two quenchers
was required to restore the fluorescence of the central fluor-
ophore (Fig. 4b).

Some protease-FRET probes initially used for diagnostics
have been combined with therapeutic moieties to generate
theragnostic entities allowing both diagnosis and therapy.
Following this principle, Li®® developed a FRET-based (carbox-
yfluorescein-dabceyl) caspase 3 cleavable probe (10) conjugated
to doxorubicin (DOX) and a targeting peptide (Fig. 4c).
Enhanced delivery to the tumour tissue was enabled by the
directing peptide, where the acidic pH in the cancer micro-
environment (and during uptake in the endosome) triggered
the release of DOX from the construct while caspase-3 cleaved
the peptide resulting in a fluorescent signal. Transcription-
dependent fluorogenic probes have been used for specific
protease dependent activation or amplification of signal,®”®®
while analysis kits for plasma and peripheral blood testing have
been developed using polymer immobilization of FRET-based
protease substrates.®

1.1.2 Ratiometric. Ratiometric fluorescence is a method
where the emission intensities at two or more wavelengths are
measured. Ratiometric fluorescence detection for proteases
offers benefits over quenched-FRET as it provides a reference
signal allowing traceability on the distribution of the probe

2086 | Chem. Soc. Rev,, 2022, 51, 2081-2120

with the main strategy employed for protease ratiometric
detection using two target-responsive signal changes which
allows concentrations to be measured. FRET between two
fluorophores has been widely used to develop ratiometric
probes with a donor-acceptor pair on opposite sides of a
cleavable peptide.”® In the absence of the target protease, the
energy is transferred from the donor into the acceptor and only
the acceptor signal is detected if the acceptor is a fluorophore
(Scheme 2). Upon exposure to the target protease, cleavage
results in “switch-on” of the fluorescent signal from the donor.
Following cleavage, the acceptor emission will become inde-
pendent of the donor.”® Modification of conventional sub-
strates includes the addition of directing moieties, for
example, a human neutrophil elastase ratiometric FRET probe
(15) has been reported,”* with an additional DNA minor groove
binder moiety allowing successful visualization of activated
neutrophils and Neutrophil Extracellular Traps (Fig. 5). A
ratiometric hairpin-type probe for in vivo imaging has been
developed that used Cy5 and Cy7 as a FRET pair and a

FRET INTERRUPTION \
B

T

Scheme 2 Concept of a probe that can be used for ratiometric FRET with
energy transfer between two different fluorophores that is removed upon
cleavage by proteases.

This journal is © The Royal Society of Chemistry 2022
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71 with permission from American Chemical Society, copyright 2020.

solubilizing PEG moiety’> and was activated by thrombin.
Using a similar approach, a MMP probe was developed (11)
(Fig. 6) that is currently in Phase 2 studies.”® The main draw-
back of this design being the background “off-target” fluores-
cence signal of the probe.

A ratiometric protease probe (12) was designed’* and
applied for ex vivo imaging of B-Secretase (BACE1) in an
Alzheimer’s disease mouse brain model. The reporter used
the two-photon absorbing merocyanine (mCyd) as a donor
conjugated to the acceptor fluorophore Alexa Fluor 633 (a
sulfonated rhodamine derivative) as the acceptor via a B-
Secretase peptide sequence (Fig. 7a).

A sophisticated assay for MMP sensing in the extracellular
matrix in vitro (13) has been reported’> with collagen-
immobilized FRET reporters allowing the visualisation of
time-dependent secreted protease activity using an extracellular
matrix (ECM) collagen anchor, conjugated to enhanced green

Cy7

HO;S
® NZ

p_ /’—\
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fluorescent protein (EGFP). In this case TAMRA was attached,
by intein-mediated splicing to form a collagen-adherent MMP-2
probe with a FRET pair TAMRA/GFP (Fig. 7a), linked by an
MMP cleavable peptide. This strategy allowed the probe to bind
to collagen in the ECM where it could interact with the secreted
protease of interest, interrupting the FRET pair. The probe was
validated in a 3D cell spheroid model to analyse secreted MMP-
2 activity. Similarly, but by fusing the cyan fluorescent protein
(CFP) and the yellow fluorescent protein (YFP) through a NE-
specific cleavable linker, a neutrophil elastase fluorescent
ratiometric reporter was assembled.”®

The combination of three dyes in a dual FRET system
yielded a dual-target probe (14) for detection of trypsin and
chymotrypsin. Using a peptide-like structure (Fig. 7b) a cascade
FRET system was generated using 7-diethylaminocoumarin-3-
carboxylic acid, fluorescein and rhodamine B.”” This allowed
for multiplexed assaying of protease activity.

Other strategies for ratiometric probes include a single
fluorophore with tunable emission following activation by a
protease, which uses the pro-fluorophore principle, where
decaging of the fluorophore leads to changes in emission
profile.”* % A y-glutamyltranspeptidase-triggered theragnostic
probe was designed for cancer detection using a caged NIR
photosensitiser.’* The construct when caged emits fluores-
cence in the NIR region of the spectrum and cannot produce
ROS. Upon decaging by y-glutamyltranspeptidase there is a
shift in fluorescence emission into the yellow region
which allows photodynamic therapy (PDT) due to the activity
of the photosensitizer with the production of ROS at the site
of activation. This field has been extensively reviewed by
Huang.®”> Du reported a ratiometric fluorescent probe®® for
the detection of leucine aminopeptidase (LAP) based on a
quinoline derived fluorophore for imaging LAP on liver
tumour cells. The probe contained a galactose moiety for
targeting active tumours and a caged quinolone. The probe
was internalised in cancer cells, where it was decaged by LAP,
producing a red shift in emission of the construct (425 nm
to 510 nm). Using a cell penetrating peptide and a substrate
for caspase-3 to cage cresyl violet, a probe was generated
that gave a red-shift in fluorescence emission upon caspase-3
cleavage. Recently, Cao developed the first non-peptide
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Fig. 6 Structure of the clinically validated ratiometric probe AVB-620 for detection of MMPs based on the FRET pair Cy5/Cy7.”*
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FRET sensor providing three orthogonal fluorescence signals upon full activation of the probe.””

neutrophil elastase.”*

based ratiometric pro-fluorophore probe for hNE®** using a
pentafluoropropanoic acid caging group.

The use of biocompatible nanocrystals has been widely
explored to build protease probes, acting as scaffolds and
carriers with many offering the ability to act as spectrally broad
light quenchers. Fe;O, nanocrystals and quantum dots (QDs)
have been widely used as FRET quenchers and carriers for the
synthesis of several protease probes. Mingyuan developed a
series of probes combining pH sensing with protease detection
for tumour optical imaging.®*>*® The probes (16, 17) simulta-
neously mapping MMP-9 activity and the extracellular pH of
tumours were able to target tumour cells via conjugation to an
antibody. These were based on a modified naphthalimide as a
ratiometric pH sensitive fluorophore and Fe;O, nanoparticles
as a quencher by covalent attachment through an MMP-9
cleavable peptide. Upon cleavage of the peptide, naphthalimide
fluorescence was switched on with the ratio of the two pH-
dependent emission maxima used to quantitatively determine
pH (Fig. 8a). In a second-generation reporter that was used for
in vivo imaging, folic acid was incorporated as a targeting
moiety, and an ‘“always on” Cy5.5 dye with an orthogonal
fluorescence signal serving as an MMP-9 reporter.®>%¢

Quantum dots (QDs) have been used as FRET donors for
ratiometric sensing of proteases with fluorophore-labelled clea-
vable peptides immobilised as acceptors.’” Concentric Forster
Resonance Energy Transfer (cFRET) imaging is a novel applica-
tion of semiconductor QDs where a central emissive QD is
conjugated with multiple copies of two different biomolecular

This journal is © The Royal Society of Chemistry 2022

and MMP-2 (13).” (b) dual activation-3-dye-
(c) DNA targeting ratiometric probe for human

probes. Each of these probes is labelled with one or two, similar
or different, fluorophores that engage in energy transfer with
the QD and, in many cases, with one another. These config-
urations are referred to as ‘“concentric” because the dyes on the
surface form a sphere that shares the same centre as the
quantum dot. A recently reported cFRET QD system®®
prised green-emitting QDs and peptides labelled with Alexa
Fluor 555 (a bis-sulfonated carboxy-rhodamine) (18) and Alexa
Fluor 647 (a bis-sulfonated Cy5). The two peptide sequences
were selected as substrates for trypsin and chymotrypsin,
whose cleavage modulate signal output by decreasing the
number of dyes per QD. A bi-modal QD-type probe (19),
combining charge transfer (CT) and a FRET quenching system
was recently developed,®® using QDs with a hydrophilic coating
assembled with multiple copies of a number of peptides. Some
were labelled with ruthenium(u) phenanthroline (Ru-phen),
which quenched the QD via a CT mechanism, others had a
distal fluorescent label, which are well-known to quench QD
emission via FRET (Fig. 8b). Acceptor dye-labelled peptide-DNA
conjugates were assembled onto the QD donors as an input
gate. The addition of trypsin or chymotrypsin cleaved the
peptide and altered the efficiency of FRET with the QD, and
liberated a DNA output (20.1) which then interacted with a
tetrahedral output gate (20.2). Downstream output gate rear-
rangement resulted in FRET sensitization of a new acceptor

e*° (Fig. 8c).

1.1.3 Pro-fluorophore approach. Many widely used fluoro-
genic probes are based on the synthesis of “pro-fluorophores”,

com-
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substrate-based probes that become fluorescent upon deca-
ging. The most widely studied and used fluorophores in this
area are 7-amino-coumarins, whose emission is significantly
reduced when conjugated to a peptide chain via an amide
bond.”"*> The approach generally uses a protease cleavable
moiety linked directly, or via a safety-catch (or self-immolative
linker)®*®* with probe cleavage releasing the fluorophore
(Scheme 3).

Several fluorogenic probes have been designed for the
detection of N-terminal exopeptidases such as dipeptidyl pep-
tidase (DPP-1V),”>” leucine aminopeptidase (LAP), pyrogluta-
mate aminopeptidase (PGP1)*®* or aminopeptidase N
(APN)*>'® with attachment of the appropriate amino acid
residues to a fluorophore that affects its internal charge trans-
fer (ICT) and yields probes that switch-on upon peptidase
exposure.

Dipeptidyl peptidase-IV cleaves X-Pro or X-Ala dipeptides
from the amino-terminus of peptides and is known to be
overexpressed in diabetes'®" and cancer."**'*® Probes for detec-
tion of this protease® were constructed by the incorporation of
a DPP-IV substrate (an amino acid'®*
fluorophore, with quenching of its fluorescence. Urano
reported a series of probes for DPP-IV detection using hydro-
xymethyl rhodamine green (HMRG) as a green fluorophore
scaffold in combination with a series of X-Pro dipeptides,'
with one of the compounds (21.1, Fig. 10a) used successfully for
imaging of head and neck squamous cell carcinoma'®® and
esophagic adenocarcinoma'®’ (Fig. 9). Another example
includes a probe that uses the NIR fluorophore SiR600,””
conjugated to the dipeptide Glu-Pro, with the quenching
mechanism relying on PeT (22.1).°” Leucine aminopeptidase
(LAP) has attracted significant attention, as it is known to be

or dipeptide®®) onto a

overexpressed in ovarian and breast cancer and several probes
have been developed to detect its activity. Such probes are
generally based on modification of the amino group of a
fluorophore through an amide bond to a leucine residue
(Fig. 10b). NIR hemicyanines® (23.1), crysol violet'%® (24.1),
dicyanoisophorone derivatives (25.1)'°° or rhodamine (26.1)""°
have all been modified to generate fluorogenic probes to
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Scheme 3 Concept of pro-fluorophore (PRO-F) activation by a protease
to generate emissive molecules (F).
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(540nm)

Pseudo real color
(500-720nm)

30 min

Fig. 9 Ex vivo fluorescent imaging of tumor tissue following spraying of
DPPIV profluorophore 21.1 (a) esophagic carcinoma: a rapid fluorescent
increase was observed in the tumor lesion after 30 min. Scale bar, 10 mm
(b) head and neck squamous cell carcinoma tissue, upper: resected
specimen observed with iodine staining shows normal mucosa (darker,
periferic) vs. tumor mucosa (central area), lower: fluorescent imaging after
spraying 21.1. Reproduced from ref. 105 with permission from Nature,
copyright 2016 and ref. 106 with permission from Head Neck, copyright
2018.

detect this peptidase, with new approaches adding targeting
capacity.'*

A small-molecule probe targeting hNE (28.1),
protease expressed in activated neutrophils in inflammatory
processes, was designed where the amino group of the NIR
hemicyanine dye was conjugated to a pentafluoropropanoic
acid caging group, and was optically silent until de-caged by the
protease (Fig. 10d).

The same concept has been extended to include so-called
safety catch or self-immolative linkers, with p-hydroxy or p-
amino-benzyl alcohol the most widely used. Here enzymatic
cleavage releases the conjugated fluorophores and restores
fluorescence.''* Shasha® developed a Granzyme B probe based
on this approach for detecting T cell activation. The probe
(29.1) consisted of a short peptide conjugated to a PEGylated
NIR hemicyanine dye via a self-immolative linker. Using the
same principle, a probe (30.1) for cathepsin B was developed,'*
bearing a morpholine targeting moiety and a specific peptide
connected to aminoluciferin. Based on the same self-
immolative linker strategy, Chen synthesised a BODIPY-
derived fluorogenic probe (27.1) with phenyl acetamide as a
triggerable motif for penicillin G amidase detection.”

Urano also reported y-glutamyl-transferase (GGT) fluoro-
genic probes based on spirocyclic caging of y-glutamyl hydro-
xymethyl rhodamine green,"'® with activation occurring by a
rapid one-step cleavage of glutamate to release hydroxymethyl
rhodamine green in its ring-open, fluorescent form. A modifi-
cation of this strategy''” added a fluoromethyl group at the 4-
position of the xanthene ring (31.1). Cleavage by the protease
liberates the fluoride anion to produce an azaquinone methide
intermediate (31.2) that can be attacked by intracellular nucleo-
philes (e.g. a group on a protein) to restore the hydroxymethyl

112,113 3 serine
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phores for detection of (a) dipeptidyl peptidase-IV (DPP-IV) using Glu-
leucine aminopeptidase (LAP) based on NIR hemicyanines (23.1),”® crysol

violet®” (24.1), dicyanoisophorone derivatives (25.1)%° and rhodamine®® (26.1) (d) human neutrophil elastase (28.1)'*>''% (e) granzyme B°* (29.1) (f)

cathepsin B*® (30.1) and (g) y-glutamyl-transferase (GGT)'Y (31.1).
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diethylrhodamine (31.3) fluorescence and also trap the com-
pound within the intracellular space, via conjugation to an
intracellular protein.

1.1.4 AIEgen probes. Aggregation-induced emission (AIE)
is a fluorescence phenomenon proposed by Tang in 2001.""®
Most conventional organic dyes exhibit aggregation-caused
quenching (ACQ) due to strong intermolecular n-n stacking
when at high concentrations and internal FRET. However, AIE
fluorogens (AIEgens) display weak or no emission as dilute
solutions, but exhibit strong fluorescence turn-on when aggre-
gated (Scheme 4)."'° Restriction of intramolecular motions is
recognized as the general mechanism behind AIE and as such,
many AIE luminogens have structures that consist of one or
more “rotors” attached to a so-called ‘stator”. In solution, the
rotors are twisted out of conjugation because of steric conges-
tion, but upon aggregation the rotors are prevented from
undergoing free rotation and the molecule enjoys maximal
conjugation, which results in the irradiative emission."** Cur-
rently, most AIEgens are derivatives of silole, tri- and tetra-
phenylethenes  (TPE), distyrylanthracenes (DSA) and
tetraphenyl-1,4-butadienes (TPBD)."*' New strategies exploiting
AlEgens have been applied to protease detection, with probes
that self-aggregate upon cleavage and exhibit high fluorescence
emission. Classic AIEgen protease probes consist of a peptide
substrate for the protease of interest with an AIEgen fluoro-
phore that will only become fluorescent upon aggregation of
several fluorophore units by hydrophobic interactions. An
example of an AlIEgen protease probe using tetraphenylethene
(TPE) was reported by Haibin,'** where the fluorophore TPE
was conjugated to a caspase 3/7 cleavable peptide, that pre-
vented the dye from aggregating until cleaved by the protease
(32). Some of these constructs also contained a targeting moiety
e.g. an RGD motif for cancer cell targeting or morpholine for
lysosomal localization.'** 28

A novel probe for real-time in vivo detection of MMP-13
activity in osteoarthritis was synthesized using a NIR emissive
AlEgen (33) based on a cyanine-pyrene unit, which introduced
a donor-acceptor system where a dimethylaminophenyl group
act as an electron-donor, while nitrile and pyridinium contain-
ing units functioned as electron acceptors.'*

ROTEAS!
@F

o
1 AGGREGATION

i

Scheme 4 Fluorescent activation by proteases via aggregation-induced
emission.
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Yuan, developed a probe for apoptosis (34) based on the
sequential detection of caspases 8 and 3.*° The probe con-
sisted of a central peptide containing the two substrates
functionalised with two AIEgens with distinctive green (caspase
8) and red (caspase 3) emissions (Fig. 11b). The green and red
fluorescence were sequentially turned on when the peptide sub-
strate was cleaved by the action of caspase-8, cleaving the TPS
containing fragment, followed by caspase-3, cleaving the TPETH
containing fragment, with fluorophore aggregation in early apop-
totic cells (Fig. 12). In the same area, a theragnostic compound
(36) targeting cathepsin B/caspase-3"*" was synthesised, which
consisted of three components: an RGD targeting moiety, a
cathepsin B-activatable gemcitabine prodrug, and a caspase-3
specific reporter based on tetraphenylene (TPE) to give AIE.

Yuan developed a FRET-AIEgen probe (35) where a caspase-3
peptide substrate was modified with a FRET pair,'** with the
donor being a green emitting coumarin capping the amino
terminus. The acceptor, tetraphenylethenethiophene (TPETP),
was attached onto the carboxy terminus of the caspase-3
peptide. The probe was silent as the acceptor fluorophore
(TPETP) absorbs the energy from the coumarin, however, when
caspase-3 cleaves the peptide both fluorophores are released
and recover the emission of fluorescence at two different
wavelengths simultaneously. The same group developed ther-
agnostic probe combining a therapeutic moiety and an AIEgen
linked though the caspase-3 cleavable peptide using a
photosensitiser'>*"** or a platinum(v) prodrug.'** Caspase-
mediated apoptosis, induced by the concurrently released
therapeutic agents, could then be measured based on the
fluorescence of the released AIEgen and aggregation.

Cheng published an MMP2 activatable reporter (37) for
cancer theragnostics,’*> based on a doxorubicin hydrophilic
cell penetrating peptide conjugate linked through an MMP2-
cleavable peptide conjugated to a PyTPE fluorophore (Fig. 11e).
Upon cleavage by MMP2 the hydrophilic fragment containing
DOX enters cells, while the hydrophobic part self-aggregates
giving a strong yellow fluorescence emission.

An in vitro assay for protease activity'*® has been reported
(38) that uses heparin to drive aggregation of the TPE fluor-
ophore (Fig. 11f). Heparin, a highly sulfonated (hence
negatively charged) aminoglycan induces the aggregation of
the positively charged AIEgen fluorophores by electrostatic
interactions, to give fluorescent enhancement. Histones have
a high affinity to heparin, and can displace the fluorophores,
reducing the fluorescence signal. If trypsin is added, the
histones are hydrolysed and the heparin-TPE retains the
fluorescence signal. Kaur developed a trypsin AlEgen probe'®’
based on electrostatic interaction driven aggregation induced
emission combining a negatively charged TPE dye and the
positively charged protein protamine. The tetra-anionic dye, a
sulphonyl-derivative of tetraphenyl ethylene (Su-TPE) is almost
non-fluorescent when free in aqueous solution but protamine
sulphate (PrS), an overall cationic protein, induces aggregation
of Su-TPE by electrostatic interactions and leads to a highly
emissive Su-TPE/PrS supramolecular complex with AIE charac-
teristics. In the presence of trypsin, the cationic protein is
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Fig. 11 Example of fluorogenic probes where protease cleavage activates AIE fluorescence. Arrows indicate cleavage site. (a) Probes for detection of
Caspase 3/7 based on TPE (32)'22 or MMP-13 based on cyanine-derivates (33)!2° AlEgens. (b) Cascade activatable probe with sequential fluorescence
signal in the green and red.*° (c) FRET-AIEgen using a coumarin green emitting dye coupled to a TPETP AlEgen providing a dual signal upon cleavage

(35).1%2 (d) Theragnostic AlEgen protease probe with a tumour targeting moiety, and different proteases mediating signal and therapeutic agent release.

131

(e) Theragnostic probe that releases the drug doxorubicin (DOX) and a TPE derivative that generates an AlEgen upon cleavage by MMP-2.2% (f) An AlEgen

detection system based on negatively charge heparin and the positively charged TPE fluorophore that allows aggregation induced emission.

digested and the supramolecular complex disassembles, redu-
cing the fluorescent emission.

A bimodal reporter using Gadolinium as a contrast agent for
MRI combined with an AIEgen fluorophore for optical imaging
was developed.'*® The probe used a DOTA-Gd(m) chelate that
provides MRI signal enhancement, and TPE as the AIEgen
linked to a caspase 3/7 cleavable peptide. In response to the
protease, the Gd-AlEgen conjugate is released and aggregates
leading to increased fluorescence and MRI signals.

1.1.5 Bioorthogonal. The field of chemical biology has
been revolutionised by the advent of bioorthogonal reactions

2094 | Chem. Soc. Rev,, 2022, 51, 2081-2120
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- chemical transformations that can be performed in living
systems without interference of biomolecules.’*>'*° This
approach has been used to develop fluorogenic compounds
that amplify a fluorescent signal upon bioorthogonal
reactions,'*! with protease activity used as a trigger to allow
in situ synthesis of fluorophores (Scheme 5).

Romieu developed a reporter (39.1) whose mechanism of
activation was based on pyronin assembly triggered by a
protease.'*>'*® Following peptidase cleavage and decaging of
an amino group, the mechanism involves in situ generation of
an unsymmetrical pyronin via cyclisation/aromatization

This journal is © The Royal Society of Chemistry 2022
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Scheme 5 The concept of protease activation followed by a subsequent
bioorthogonal fluorogenic labelling reaction.

cascade (39.3). This strategy offers advantages over some pro-
fluorophore strategies as the fluorophore is not pre-formed (so
no background signal), but one potential disadvantage is that
the kinetics of the reaction might impact on the time the
system takes to assemble the dye. The design principle was
successfully applied to leucine aminopeptidase (LAP) and peni-
cillin amidase (PGA). Huo developed a y-glutamyl transpepti-
dase (GGT) activating two-photon fluorescent probe (40.1)***
using a similar strategy. The probe could selectively detect GGT,
upon cleavage, with intramolecular cyclisation resulting in a
two-photon absorbing green emitting fluorophore.

Wu reported an approach using a “labelling after recogni-
tion” mechanism with phosphorescence lifetime analysis."*>
The approach was based on a caspase 3 specific substrate
modified with two independent bioorthogonal reactive sites
that allowed FRET-labelling (41.1). The strategy takes advantage
of labelling the cleaved fragments and the uncleaved full
peptide in the presence or absence of the protease. The novelty
of this approach is that the FRET labels are added by bioortho-
gonal reactions following cleavage by the protease, with the

This journal is © The Royal Society of Chemistry 2022

rationale that conventional FRET-labelled peptides used for
protease detection are pre-labelled and the bulky fluorophores
may hinder recognition and cleavage. Here, the FRET pair used
was an iridium(m) complex as a donor (41.2) (attached by strain
promoted alkyne-azide cycloaddition (SPAAC) and RhoB as an
acceptor (41.3) (attached via an iEDDAC tetrazine-norbornene
click reaction). In the absence of the protease, the intact
peptide with the bioorthogonally reactive moieties undergoes
bis-labelling of the uncleaved peptide and leads to a change in
lifetime via FRET, with the Ir(u) complex emission quenched
due to the energy transfer to rhodamine B. However, the
phosphorescence lifetime of the Ir complex was not quenched
when labelling occurred after cleavage.'** Potential limitations
of this approach could come from incomplete labelling of the
full or fragmented peptide or by differing labelling kinetics in/
during the bioorthogonal labelling, an issue especially on more
complex samples.

Demonstration of molecules that undergo aggregation upon
activation and bioorthogonal cyclization were applied in mole-
cular imaging (Fig. 13c) using caspase-3/7-controlled self-
assembly of molecules into “nanoparticles’”’*® as a measure
of the response of cancer tissue to chemotherapy. The intra-
molecular cyclization was possible by reaction between a free
Cys residue and a 2-cyano-4-hydroxy-quinoline (42.1) that pro-
ceeded under physiological conditions to form a thiazoline
linkage. This biocompatible reaction was possible due to the
reductive environment that generates the free thiol and enzyme
cleavage releasing a free amino group, which then mediate the
cyclisation reaction. The cyclic molecule (42.2) then aggregates
forming in situ fluorescent NPs. This aggregation enhances
retention inside the cell, increasing the in vivo half-life, while

Chem. Soc. Rev., 2022, 51, 2081-2120 | 2095


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00798j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 February 2022. Downloaded on 8/1/2025 7:02:27 PM.

(cc)

Review Article

View Article Online

Chem Soc Rev

Intramolecular Nu
addition +
1,6-elimination

H
Et;N °\©/;\r(\ph Et,N (o} NH,
i — @; 19
39.1 ! 39.2 1
X= 0, C(CN),
COOH COOH
—— F. s H

2
COOH GGT F F Intramolecular

40.1 i 40.2 cyclisation

Et,N
O io i

CN

H
N._COOH

CN 0 403

b i /\Ab
SN Asp-GIu-Val-AspI-GIy-Lys-NH

4.1

oy 15

% 5o

Caspase-3 cleavage

Ir(ll1) complex-DBCO
SPAAC reaction

Rho-Tetrazine
iEDDAC reactlon

1.2

H—Gly-Lys- NH\/é/K@/
Asp -Glu-Val-Asp-OH

Caspase-3/7

rs—s~Et o
o7 ‘j et o5 M

= - i
o N/\/\/\ro
HN H
Intramolecular
' cyclisation
DEVD
-S-Et

i

SH

S,
[o}
/>—CN H /@ >—CN
Furm HoN [':“ b Cond.
o

Ac-Arg-Val-Arg-) Arg— Sﬁ(

GSH
reduction

0

Cc NC— " s =
H N 7\
Asp-Glu-Val-Asp—N,, o NN b
I GSH j

HN

Self-
assembly

Self-
assembly

B

o

I
‘ 94 g
Cl X,
N Caspase-8
\©\)\ > Intramolecular
o \ Nu attack

Z-IETD-OH

a1 S
\(coon
Z-lle-Glu-Thr-Asp  NH COOH

(o)

@\ﬁﬁ

Fig. 13 Examples of bioorthogonal strategies for protease detection. (a) After cleavage by the protease, caged precursor (39.1 and 40.1) undergo

bioorthogonal addition/elimination to yield the fluorophore pyronin (39.3)42143

or the two-photon-absorbing fluorophore (40.3).24* (b) FRET labelling

after cleavage by caspase-3.*° (c) Assembling strategies based on thiazoline linkage formation in response to GSH and Caspase 3/7*¢ or Furin.*?’ (d)

Excited-state intramolecular photon transfer based strategy, with cyclative cleavage following caspase-8 activation liberates the phenolic ester (44.3).
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Fig. 14 Fluorescence images of Hela cells treated with the bioorthogonal
Caspase-8 probe 44.1*8 followed by treatment with the apoptotic
inducer Mitomycin C for 120 min. Left to right: Green channel (probe
441 (see Fig. 13d)), red channel (Mitotracker) and merged channel.
Reproduced from ref. 148 with permission from American Chemical
Society, copyright 2016.

the precursor units, in the absence of the protease undergo
rapid clearance. The probe accumulated extensively in the
cytosol allowing visualisation of apoptotic bodies in cells and
tumour tissue using three-dimensional structured illumination
microscopy (3D-SIM). A combination of AIE and bioorthogonal
strategies were used in a probe designed for fluorescence
sensing of furin activity in vitro.">” The probe (43.1) was cleaved
by furin exposing a free 1,2-aminothiol unit (43.2) that reacts
with the cyano group on a cyanobenzothiazole motif yielding
the more hydrophobic dimer (43.3) which self-assembles into
fluorescent NPs.

A fluorescent activatable caspase-8 probe, consisting of an
ESIPT (excited-state intramolecular photon transfer'*”) fluoro-
phore attached to a Cys-residue has been reported.'*® These
ESIPT fluorophores produce insoluble fluorescent aggregates
with fluorophores localized in close proximity to the enzyme
with enhancement of fluorescent emission - a process that is
similar, but different to AIE. The protease probe was synthe-
sized by a thiol-1,4 addition reaction'*® of a Cys containing
peptide (caging group) with an acryloylated fluorophore (44.1).
Upon internalisation of the probe in cells, cleavage of the
peptide by activated caspase-8 results in intramolecular
bioorthogonal cyclisation, liberating the amino group which
reacts with an ester to release a 1,4-thiazepine seven-membered
ring (44.2)."*° Decaging the fluorophore (44.3) switches on
bright green fluorescence by excited-state intramolecular
photon transfer, allowing high-sensitivity and high-resolution
imaging (Fig. 14).

1.2 Chemiluminescence

Chemiluminescence (CL) is a powerful imaging technology that
requires no external light source, does not suffer from photo-
bleaching and has negligible background luminescence, but
each molecule will only produce one photon. The phenomena
of chemiluminescence can be defined as the emission of light
resulting from a chemical reaction (Scheme 6) and differs from
fluorescence in that the generation of the excited state arises
thanks to the energy of a chemical reaction and does not
depend on light irradiation."" The field of chemiluminescence

This journal is © The Royal Society of Chemistry 2022
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W,

for imaging applications has grown rapidly with the discovery
of several natural and new synthetic luminogens.'**">?

Synthetic chemiluminescent systems take inspiration from
natural bioluminescent systems that generate light following
two sequential reactions, firstly oxidation of a substrate by an
oxidizing agent or an enzyme into a ‘high energy intermediate”
and secondly, the rapid decomposition of this intermediate in a
process that produces light, with the Luciferin/Luciferase/O,
system being the most studied.'>*

In the last decade, the field of chemiluminescence for
imaging in vivo has expanded with synthetic modification of
the natural luminogens to move beyond the limitations of
natural luciferin.”>'*® This includes tuning the emission
properties of the natural luciferin substrate to improve its
quantum yield and give NIR emission by increasing the con-
jugation of natural p-luciferin'>’~**° or by exploiting FRET with
red shifted fluorophores.'®! Caging of luciferin by the addition
of a triggerable protecting group to the 6'-OH/NH, group
generates a non-recognisable substrate for luciferase (45.1)
allowing for turn-on of signal upon protecting group removal
by the given trigger (e.g. enzyme or analyte). This strategy has
been adopted to develop luminogenic probes for proteases
such as cathepsin B (46),"®> chymotrypsin (47),'®® carboxypep-
tidases A and B (48),'** Caspase-1 (49)'® and furin (50 and
51)'%° (Fig. 15a). A novel strategy was devised with the in situ
bioorthogonal assembly of firefly luciferin,'®” the design con-
sisting of two complementary caged precursors of luciferin, a
peptide-based probe (52.1) that released p-Cys in the presence
of Caspase-8 and a boronic acid probe (52.3) that released 6-
hydroxy-2-cyanobenzothiazole upon reaction with H,0,
(Fig. 15b). Once decaged, the two precursors undergo a
bioorthogonal condensation reaction to form bp-luciferin
(52.5), with cyclisation between the carbonitrile and the thiol
group of p-cysteine, thus reporting simultaneously oxidative
stress (H,0,) and inflammation (caspase-8). Another approach
focused on the in situ assembly of the enzyme luciferase
(instead of the luciferin substrate) was engineered by
Talley.'®® A modified luciferase specifically activated by
Caspase-1 was generated by inserting a known target sequence
into a “circular luciferase”. Cleavage by Caspase-1 allowed the
generation of a functional luciferase thus, generating a biolu-
minescent system.

Natural bioluminescent organisms can modulate the colour
of light emitted by the same principles as FRET by coupling
luciferase to fluorescent proteins with overlapping spectral
properties.’®® Bioluminescence resonance energy transfer
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(BRET) systems for protease sensing take advantage of the
luciferin-luciferase system as an energy/light donor for fluor-
escent acceptors (generally GFP) and commonly use an opti-
mised luciferase-substrate system coupled to a fluorescent
protein through a protease cleavable linker. Upon cleavage
and energy transfer, emission from the fluorescent molecule
stops and the emission corresponds solely to the biolumines-
cent luciferase.””’*™'”® The original systems used a blue emitting
luciferase and GFP, but in 2020 the first red-shifted BRET probe
for detection of plasmin was reported.'”*

In an effort to simplify the system and remove the need
of the enzyme luciferase for oxidation of p-luciferin, Shabat
developed a series of caged 1,2-dioxetane phenols (53.1
and 53.2), highly stable compounds that rely solely on
decaging of the dioxetane phenol-protecting group to produce
luminescence."”>'”® Upon interaction with the decaging target
trigger, an unstable phenolate-dioxetane intermediate (53.3) is
released producing the excited ester (53.4) that relaxes with
photon emission (Fig. 16a). Caging of 1,2-dioxetane intermedi-
ates have been widely used for protease sensing and generally
use a protease sensitive peptide conjugated to the 1,2-dioxetane
via a safety catch or self-immolative linker (54 and 55)."77""®
The emission properties of the 1,2-dioxetane can be tuned by

2098 | Chem. Soc. Rev,, 2022, 51, 2081-2120

increasing the conjugation of the phenolate, adding a conju-
gated © system and an electron withdrawing group (EWG) at the
ortho-position."”® Using this strategy, chemiluminescent Cathe-
psin B probes were designed (56-58), that showed high
sensitivity'®* with enhanced tumour penetration by linking to
a tumour targeting peptide."®" Recently, the speed of chemi-
excitation was also improved, allowing for greater light emis-
sion efficiency and better signal/noise ratios, by modifying the
ortho-phenol EWG functionality to an o,B-unsaturated car-
boxylic acid functionality. Using this system, a Granzyme B
probe (59), that could detect natural killer cell activity in live
mouse models tumours,'®> was developed (Fig. 17). Using a
similar strategy, Bogyo developed a system for detection of M.
Tuberculosis,'®® that uses a chemiluminogenic FLASH probe
bearing the substrate of Hip1, a protease of Mtb (Ac-Igl-(4-Cl-
Phe)-Lys-Leu), where Igl is a the non-natural amino acid
H-(2-indanyl)Gly-OH. This probe (60) allows detection and
quantification of Mtb in human sputum samples in vitro and,
importantly, the system can differentiate between live and dead
bacteria. As such it shows real potential as a point-of-care
sensing platform, as do the PSA probes (61) developed by
Shabat that allows on-site measurements using a small porta-
ble luminometer.'®*">

This journal is © The Royal Society of Chemistry 2022
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nitro-dabsyl quencher.*®”

Modifications of the emission capabilities of 1,2-dioxetane
probes by the addition of a fluorophore substituent at the meta-
position of the benzoate unit allowed significant amplification
of the signal thanks to transfer of light from the emission of the
chemiluminogen to the fluorophore by Chemiluminescence
Resonance Energy Transfer (CRET) (Fig. 16b). A model

This journal is © The Royal Society of Chemistry 2022

galactosidase triggerable probe'®® has been reported with great
potential for applications in protease sensing by replacing
the galactosidase moiety by a cleavable peptide.'®” Using
CRET, a phenoxy-dioxetane luminophore attached to a 7-
hydroxycoumarin scaffold was developed and linked to a
quencher-peptide construct. The coumarin-dioxane luminogen
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Fig. 17 (a) Chemiluminescence spectra of granzyme B chemilumino-
genic probe 592 following incubation with granzyme B (green line) or
without enzyme (black line) or with a granzyme B inhibitor (red line). (b)
In vivo representative chemiluminescence image of a NSG mouse con-
taining MDA-MB-231-xenograft tumours where NK-92 cells were adop-
tively transferred. Only the right tumour (red arrow) was injected with NK-
92 cells with the left tumour being NK cell-free. After 8 h of the NK cell
injection, probe was injected into both tumours. Reproduced from ref. 182
with permission John Wiley and Sons, copyright 2021.

exhibits intense and persistent chemiluminescence (62). Fol-
lowing the same principles as FRET conjugation of a non-
emissive quencher acceptor molecule to the luminogen
quenches any chemiluminescence emission until the peptide
is cleaved by the protease.

1.3 Optoacoustics

Photoacoustic imaging (PAI) is an imaging strategy that bridges
the traditional limited penetration depth and the resolution
limits of diffuse optical imaging. Some reviews have been
recently published®®°° and thus here we will only report on
very recent papers, applications and novel concepts.

View Article Online

Chem Soc Rev

In photoacoustic imaging, a laser pulse is used to “illumi-
nate” specific structures in the body by virtue of them contain-
ing molecules that absorb photons. This causes local heating
that generates pressure waves (the thermoelastic effect due to
vibrational and translational relaxation). These pressure waves
are in the ultrasound frequency range and as such can be
measured by traditional ultrasonic transducers to generate an
image. Photoacoustic imaging has rapidly been adopted in
preclinical in vivo imaging in small animals for a range of
disease indications, where it has provided in a non-invasive
manner, images that in essence show where optical energy has
been absorbed by detection of the acoustic waves generated. A
key attribute is that it can do this at depths of several centi-
metres while offering a resolution of ~100 pm.

PAI can exploit the absorption capacity of naturally occur-
ring molecules, such as haemoglobin™" and melanin,"*> how-
ever, probe-based contrast agents are now being used to allow
directed “molecular photoacoustic imaging” at greater depths
(Fig. 18). Typical molecules used in PAI have included indocya-
nine green (ICG) and methylene blue (MB) and some take
advantage of both the photoacoustic and the fluorescence
signals. The combination of optical and photoacoustic imaging
has become a widely implemented strategy (Table 1)."%7"°°

Traditional non-fluorescent dyes of various types are actually
more efficient in terms of conversion of light absorption into
heat and acoustic signals'®>'®” (simplistically it is better that
light is converted to heat and not emitted as a photon). Thus,
dyes offer greater thermoelastic expansion than fluorochromes,
making quenchers e.g. dabsyl and the so-called black-hole
quenchers (BHQ) good candidates for photoacoustic contrast
agents but any dye with a high extinction coefficient and good
conversion of light to heat should work well as contrast agents

a Fluorescent dyes b Non fluorescent dyes
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Fig. 18 Examples of some contrast agents and strategies for photoacoustic imaging.
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Scheme 7 The concept of photoacoustic probes activated by proteases.

for PAL. One PA contrast agent reported recently used BHQ-1
conjugated to a cRGD targeting moiety."*®

Recently, activatable photoacoustic imaging contrast agents
have appeared. Design of these probes utilize similar approaches
to those discussed for fluorescence base probes (FRET, self-
assembly/bioorthogonal, pro-PAI, AlEgens), generating a specific
switchable signal upon alteration of their structure, with proteases
allowing disease-specific targeting/activation (Scheme 7).

NIR fluorescent dyes can act also as photoacoustic agents.
MMP-Prosense 680,"*° the NIR probe previously described, was
evaluated for photoacoustic imaging, achieving high-resolution
mapping of MMP activity deep in vulnerable plaques of intact
human carotid specimens. Multispectral optoacoustic tomo-
graphy allowed three-dimensional reconstruction of targeted
structures in vivo*®® with morphologies similar to heteroge-
neous MMP activity but with better than 200 pm resolution
throughout intact plaque tissues and allowing volumetric
images of activatable molecular probe distribution deep within
optically diffuse tissues.

Levi** developed a FRET-based protease activatable PAI
probe using an AF750/BHQ-3 labelled MMP-2 cleavable peptide
that under physiological conditions generates two photoacous-
tic signals. Cleavage/activation generates a BHQ-3 labelled cell
penetrating peptide that results in accumulation of the PA
contrast agent into cancer cells and a NIR dye labelled fragment
that produces orthogonal photoacoustic signals.

Table 1 Photoacoustic probes
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Using a similar approach to that covered in the pro-
fluorophores section, a urokinase-type plasminogen activator
(uPa) activatable probe was designed?®? that provides a turn-on
in fluorescence and photoacoustic signals and optimal renal
clearance due to the hydrophilicity dextran backbone. The
probe consists of a ‘“caged” dextran functionalised-Cyanine
dye, connected to a cleavable uPA peptide sequence via a self-
immolative linker. Upon cleavage by the protease, the dye is
decaged and its fluorescent and photoacoustic properties
restored. Using the same strategy, a probe for dual imaging
of acute kidney injury, cleavable by y-glutamyl transferase
(GGT), was developed by Chen (63, Fig. 19a),"** allowing real-
time imaging of kidney function at a molecular level (Fig. 20).

CuS nanoparticles, exhibit strong (broad spectrum) absor-
bance, and have been used as photothermal agents for tumour
ablation. As might be anticipated from their “black colour”
they absorb broadly and show strong photoacoustic signals at
930 nm. A probe based on a BHQ-3 labelled MMP-cleavable-
peptide conjugated to CuS nanoparticles was developed,>*®
that provided a combination of two PA signals in absence of
the MMP. Upon cleavage by the protease, only the PA signal
from the nanoparticles remained. The probe successfully
sensed MMP-activity in mice in a promising alternative to
optical imaging techniques with improved detection depth.
Due to their strong and tunable optical absorptions gold-
based nanoprobes have been widely used as PAI agents. Probes
have been developed that produce a change in the emitted PA
signal and produce combined fluorescence signals in response to
proteases. Using a nanocage, a probe for MMP-2 was
developed,®®* which produces a strong acoustic signal at
800 nm. In the intact construct fluorescence emission by the
Alexa Fluor 680-conjugated peptide was quenched by the gold
nanocage and producing a PA signal by illumination at 680 nm
indirectly. Upon MMP cleavage, the NIR dye is released and
cleared from the tumour tissue which results in changes in the
photoacoustic spectral signature, going from a signal contributed
by both reporters to one generated by the gold nanocage alone.

An optoacoustic activatable probe®®® with capacity for simul-
taneous photoacoustic and NIR optical imaging based on a
self-assembly strategy activated by protease cleavage, driven by

Modality Contrast agents Strategy Protease Sequence Ref.
Optoacoustics Cy5.5 dimer FRET MMPs Ac-K(PEG)-{K(PEG)-K(Cy5.5)) 199
K/K(Cy5.5)-K(PEG)],-

Alexa750/BHQ-3 FRET MMPs Not reported 201

Hemicyanine De-caging GGT GGR 194

uPa v-Glu 202

Cy5.5/QSY21 Self-assembly MMPs KCPLGVRGY 205

Photoacoustics CuS nanoparticles/BHQ-3 FRET MMPs GLPGVRGKGG 203
Gold nanocages/Dye 680 FRET MMPs GKGPLGVRGC 204

Purpurin 18 Self-assembly Gelatinase PLGVRG 206

ATTO740 Bioorthogonal Furin RVRRC 207

ICG Bioorthogonal Caspase-3 DEDV 208

Gas Vesicle Protein (GvpC) Buckling of the GvpC TEV ENLYFQG 209

PA/PTT/PDT Gold nanostars/IR - 780 FRET MMPs GPLGIAGQ 210
This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev,, 2022, 51, 2081-2120 | 2101
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Fig. 19 Dual and aggregation based optoacoustic activatable probes. (a) Dual imaging, fluorescence/photoacoustic probe for detection GGT, cleavage
by the protease decages a cyanine dye with fluorescence and photoacoustic properties.*** (b) Amphiphilic construct using QSY21 as a photoacoustic
agent and sulfonated Cy5.5 as a fluorophore. Amphiphilicity of the construct drives nanoparticle formation, while cleavage by MMP-2 disassembles the
nanoparticles and results in a change in photoacoustic signal.2°® (c) Bioorthogonal photoacoustic emissive oligomer forming probe for furin.2%7 (d) Dual
activation dependent probe for sensing of GSH and caspase-3 that results in photoacoustic emissive nanoparticle assembly.2%®

construct is amphiphilic as QSY21 is highly hydrophobic while
sulfonated Cy5.5 is hydrophilic, which drives self-assembly into
nanoparticles. When cleaved by the protease enhanced NIR

hydrophobic interactions has been reported. The probe was
constructed with a near-infrared dye (Cy5.5) and a quencher
(QSY21) linked through a peptide substrate of MMP-2. The
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Fig. 20 PA imaging of cisplatin-induced Acute Kidney Injury using a y-glutamyl transferase optoacoustic probe (63).°* Mice transverse section after i.v.
injection of the probe in different treatment groups (detection at 700 nm). The white circles indicate the two kidneys. RK, right kidney; LK, left kidney,
NAC: N-acetyl-l-cysteine protected. Reproduced from ref. 194 with permission John Wiley and Sons, copyright 2021.

fluorescence is generated, simultaneously with photoacoustic
signal ratiometric changes as the nanoparticle-assemblies dis-
aggregate. Photoacoustic emissions from the intact construct
were detectable with high intensity at 680 nm and at 730 nm.
Upon cleavage, a reduction in the 680 nm photoacoustic signal
was observed in an MMP concentration dependent manner
with the corresponding increase in fluorescent emission by the
de-quenching of Cy5.5 (the photoacoustic signal at 730 nm
remained constant (MMP independent) and served as a refer-
ence signal (64, Fig. 19b). Following the same mechanistic
principle (but in reverse), a self-assembling gelatinase probe
used Purpurin 18 as the functional photoacoustic stimulator*’®
with self-assembly upon protease cleavage leading to the for-
mation of photoacoustic emitting nanofibers. Another PAI self-
assembling probe (65.1) for detection of furin has been devel-
oped where cleavage leads to the formation of photoacoustic
emissive oligomers via a bioorthogonal reaction.”®” The activa-
tion of the probe via furin cleavage of the peptide substrate
released (ATTO740)-1,2-aminothiol that undergoes self-
condensation to form oligomers (65.3) containing ATTO740
(Fig. 19¢). These nanostructures enhance the quenching effect
of the fluorophores thus minimizing radiative emission, which
increases the photoacoustic signal. The same bioorthogonal
reaction was used to design a caspase-3 probe.>’® In this case
dual activation was dependent on caspase-3 and glutathione
(GSH). The construct (66.1) contained a cyano-6-
hydroxyquinoline (CHQ), a p-Cys residue, a caspase-3-
cleavable peptide substrate (DEVD), ICG and contained a cRGD
targeting peptide (Fig. 19d). Owing to aggregation-caused
quenching (ACQ) the nonradiative relaxation process was
favoured, which increased the PA signal and decreased the
fluorescence of ICG.

Anupama recently developed photoacoustic probes for
the detection of proteases®” consisting of engineered gas
vesicle based biosensors, air-filled protein nanostructures
that change their ultrasound contrast in response to the activity
of different biomolecules. In this case, they used tobacco
etch virus protease (TEV). In presence of the protease, the gas
vesicle shell becomes less stiff, thereby allowing it to undergo
buckling and produce enhanced nonlinear ultrasound signals
that can be easily distinguished from the intact, non-digested
“gas vesicles”.

A theranostic approach based on gold nanostars was
developed®'® with multiple and simultaneous imaging

This journal is © The Royal Society of Chemistry 2022

modalities. The probe consisted of a gold nanostars core
(photoacoustic and photothermal effector), conjugated to the
MMP-2 peptide (Ac-GPLGIAGQ) via BSA loaded with a NIR dye
IR-780, for optical imaging and photodynamic therapy.

2 Bench-top or in vitro applications
2.1 Colorimetric

Colorimetric sensing determines the presence or absence of
target analytes by measuring optical density (Beer-Lambert
law) and depends on the generation of coloured species. Due
to the advantages of simple operation with no need for com-
plicated instrumentation, colorimetric sensing offers a good
strategy for point-of-care diagnosis with test results that can be
interpreted with the naked eye (classic examples are Gram
staining of bacteria). This is useful in terms of speed of
analysis, and the reduction in the cost of testing in resource-
limited settings where sophisticated technologies and time
delays would limit application. In the field of protease sensing,
there are two main types of colorimetric probes used: colori-
metric probes based on enzyme-catalyzed organic chromogenic
substrates that form coloured products>'' and biosensors
based on modification of the surface plasmon resonance
(SPR) of noble metal nanoconstructs.”'” Indeed gold nanopar-
ticle (AuNPs) colorimetric assays are the most widely used with
many publications over the past 30 years taking advantage of
the AuNPs excellent tunable properties as simple
chromophores®*? with the optical properties of AuNPs depend-
ing on the SPR of the nanoparticles.”"* Modifications of the
surface of the AuNPs can induce or prevent aggregation, which
correlates with changes in the SPR that leads to a colour
dependence (Scheme 8). The surface of the AuNPs are usually
modified using thiol-gold chemistry to simultaneously add
specific molecular recognition moieties and to tune the stabi-
lity of the particle suspension. Surface modification of the
construct by targeted biomarkers can trigger changes in the
aggregation behaviour of the AuNPs that can be visible by
the naked eye as a colorimetric response. Generally the aggre-
gated particles give rise to a distinct purple colour, while the
dispersed AuNPs look red. A simple protease colorimetric probe
can thus use peptides conjugated to AuNPs>'® e.g. via thiol
chemistry or by electrostatic interactions, with cleavage of the
peptide resulting in either induction or prevention of

Chem. Soc. Rev., 2022, 51, 2081-2120 | 2103
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aggregation that results in a change in colour. The systems
based on AuNPs aggregation can use a “mix and detect” system
where standard unmodified gold nanoparticles (generally sta-
bilised with citrate) are mixed with a peptide. Alternatively, gold
nanoparticles may be pre-modified, where the protease sub-
strate peptide is immobilised on the surface of the nano-
particles which can then generate a visual response based on
the exposure to (or lack of) the protease.

A probe for MMP-7>'® was synthesised (67) using pre-
modified gold nanoparticles using a C terminal Cys peptide
substrate for the protease. The negatively charged peptide
sequence prevented aggregation of the AuNP until cleavage by
the protease, that removed the negatively charged residues
causing a reduction of the net charge and decrease in nano-
particle size, leading to a loss in stability of the nanoparticles
that would aggregate and shift from red to purple; a colour shift
detectable by the naked eye. A mix and detect system (68) used
unmodified free gold nanoparticles (citrate stabilised,
negatively charged) and a caspase-3 cleavable peptide.>!” The
peptide contained two adjacent Cys at the C terminus, three
negatively charged residues and one positively charged argi-
nine. When the peptide was pre-incubated with the protease,
the three negatively charged residues were cleaved off, leaving a
net positively charged thiol fragment that would be immobi-
lised on the gold nanoparticle via the cysteine side-chains and
induce aggregation (due to interaction between the positively
charged arginine and remaining negatively charged areas of the
AuNPs). When the free AuNPs were incubated with the mixture
of peptide and protease, a blue colour would be observed due to
aggregation whilst the incubation with the intact peptide and
no protease prevented aggregation retaining the initial red
colour.?”” Chen>'® reported a probe for MMP-2 (69) following
a similar strategy with the negatively-charged fragment on the
N terminus (as a Glu, moiety) and the positively charged
residue being Lys on the thiol containing fragment.

Conjugation by electrostatic interactions has used peptides
containing high levels of positively charged residues that
coordinate with the free negatively charged AuNPs (citrate
stabilised) in suspension. Using this approach, a colorimetric
assay for trypsin was reported (72)*'° that used a hexa-Arg
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peptide as both a substrate for trypsin and to allow conjugation
to the nanoparticles. When the free (negatively charged) nano-
particles are exposed to the positively charged peptide, the
peptide intercalates between gold nanoparticles and induces
cross-linking and aggregation of Au-NPs leading to the red-
shift. If, however, the peptide is pre-incubated with enzyme
prior to exposure to the nanoparticles, the peptide is digested,
and the nanoparticles remain dispersed. Another probe using
electrostatic conjugation was reported**° which used negatively
charged carboxyl-functionalised AuNPs (using a carboxy-PEG;,-
thiol) in combination with a MMP substrate with hexa-His tags
at both ends (metal ions drive metal-affinity coordination
between the carboxyl groups and the His-tags). The intact
peptide therefore drives aggregation whilst the cleaved peptide
promotes the dispersion of the nanoparticles.

Ding®*! used a “mix and detect” trypsin (70) assay with a
peptide bearing a Cys residue at the C-terminus and a positively
charged Lys at the P1 position. Since the oligopeptide contains
both Cys and a positively charged Lys residue, it causes aggre-
gation of the citrate-stabilised, negatively charged, AuNPs.
However, since trypsin cleaves the peptide, separating the Cys
and Lys residues, the cleaved oligopeptide no longer causes
aggregation of the AuNPs.

Meng-Qi reported a novel strategy™~ allowing the properties
of the SPR to be tunable via the modification of gold nanorods
(AuNRs) (Fig. 21c). This protease detector (71.1, 71.2, 71.3) was
based on a protease specific peptide with two central Cys
residues at the cleavage site. Cleavage by the protease thus
releases two fragments exposing the monothiol groups from
the Cys, that are otherwise non-accessible, and react with the
AuNRs causing morphological changes, with “new spikes”
formed by addition of the peptides fragments to the surface,
resulting in unique SPR peak shifts that were also seen by the
naked eye (red-to-blue). Using this strategy, the group devel-
oped a probe for the detection of trypsin activity in a label and
instrument-free manner and with ultrahigh sensitivity, with a
LoD of 60 fM.

A colorimetric method for prostate-specific antigen (PSA)
detection was developed by Liu*** using the formation or
inhibition of formation of AuNPs as a colorimetric indicator.
The method was based on ascorbic acid induced formation of
AuNPs, a process that can be inhibited by the presence of Cu®".
HAuCl, (74.1) can be reduced to form AuNPs (74.2) by ascorbic
acid (73.1), however, in the presence of Cu®", ascorbic acid is
oxidised (73.2), and can no longer reduce the HAuCl,. The
designed construct was based on peptide coated gold magnetic
microbeads containing a Cu®** binding triad (Asp-Ala-His) fol-
lowed by a PSA cleavable sequence (Fig. 22a). When the
protease is present, the peptide is cleaved and the Cu>* binding
triad released. Consequently, the copper ions are not trapped,
resulting in oxidation of ascorbic acid and no AuNP formation.
Alternatively, the Cu®>* binding triad can be localized internally
so that it remains masked (Fig. 22b), but can be demasked by
proteolytic hydrolysis (B-secretase) exposing the Cu®* chelating
ligand. In this design, formation of AuNPs only happens in the
presence of the protease.*?*

222
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Bhatia reported on the design and synthesis of protease
probes for pre-clinical use developing a series of colorimetric
assays/platforms as diagnostics tools for detection of disease
related proteases. They used a variety of peptide-modified
platforms that can be administered intravenously, activated
at the site of the disease and detected in the urine. The
urinary, colorimetric, in vivo assay’>® conjugates gold
nanoclusters (AuNC) to a carrier protein (neutravidin) teth-
ered to a protease cleavable peptide with a Cys residue for
binding to the AuNC (76-79). Exposure to the protease (throm-
bin or MMP) at the disease site, following IV administration,

This journal is © The Royal Society of Chemistry 2022

resulted in the release of the AuNC from the construct
enabling passage into the urine to produce a direct colori-
metric readout of the disease state. The strategy exploited the
peroxidase capacity of the ultra-small AuNC, with a size
<2 nm that also showed efficient filtration capacity through
the kidneys into the urine. These AuNCs had an intrinsic
catalytic peroxidase activity, catalysing the oxidation of
3,3',5,5"-tetramethylbenzidine (TMB) (75.1), that could be
monitored by absorbance at 652 nm (Fig. 23a).

Zourob designed a series of low-cost, easy-to-handle, highly
sensitive and portable colorimetric biosensors (Fig. 24) capable

Chem. Soc. Rev,, 2022, 51, 2081-2120 | 2105
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cleaves the substrate Ac-DEVD-pNA generating a chromogenic response.

of detecting different disease-related proteases (82, Fig. 24). The
method used a probe that consisted of a specific peptide
substrate covalently attached to magnetic beads through its
N-terminus and linked to a gold probe surface at the C-
terminus via a Cys residue. This construct resulted in a layer
of magnetic beads adsorbed on the probe surface masking its
golden colour in the absence of the protease. Upon protease
cleavage the peptide linkage between the magnetic beads and
the gold probe surface is lost and the released magnetic beads
were magnetically collected and analysed. This idea was
applied to develop portable probes for PSA,*** HNE and Cathe-
psin G,>*’ Listeria monocytogenes protease**® and P. aeruginosa
proteases.>*°

Small molecules have found successful applicability in this
area with p-nitroaniline (pNA), a well-known reporter. Thus,
chromogenic peptides, conjugated to pNA (80.2) have been
used for colorimetric-based testing, which when conjugated
are colourless, but upon cleavage result in a colorimetric

This journal is © The Royal Society of Chemistry 2022

231

response.”®® An interesting strategy was developed by
Dokyung, where an engineered procaspase-3 was modified to
be auto-inhibited in absence of the target protease (MMP-2) by
adding a weak reversible inhibitor linked to the enzyme by a
peptide linker (81) that was cleaved by the protease of interest
(Fig. 23b). This cascade system also used a chromogenic
caspase-3 substrate (Ac-DEVD-pNA, 80.1) to generate a chromo-
genic response with its hydrolysis rate reporting on MMP-2
activity.>*' Using pNA-peptides, immobilised on cellulose, a
paper-based chromogenic probe to detect inflammation was
developed.>*”

2.2 MS based detection

MS has been used as a method for a variety of proteomic
analysis studies including as a diagnostic tool to differentiate
disease from healthy profiles as well as staging and disease
monitoring. Proteome profiling for diagnostic purposes is a
thriving area in proteomics, however, the complexity of the
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Fig. 24 Colorimetric sensing platform for HNE and Cat G.??” These
probes consist of specific protease substrates covalently bound to a
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by the protease results in dissociation of the magnetic bead complex. A
magnet placed on the back of the strip (see arrow) attracts the cleaved
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-GSGSGGGAAPVAAKGGGSGSC-  (82.1) and cathepsin-G  sequence:
-GPQGIWGQR- (82.2). Reproduces with permission of the American
Chemical Society, copyright 2015.

samples and the inter-individual (not disease-related) hetero-
geneity poses challenges.>® Analysis of proteases via activity
profiling has attracted significant attention, but the complexity
of samples still poses a problem. Certain proteolytic fragments,
from high abundant serum proteins, are potential markers of
tumour-specific proteolytic activity that can be analysed in
blood/serum specimen, but they present a significant analytical
challenge. This problem can be circumvented using exogenous
synthetic substrates. Thus, “spiking” exogenous reporter pep-
tides into biological samples for the characterization of pro-
tease activity offers substantial advantages over profiling of
‘native’ proteomic serum. These reporter peptides allow accu-
mulation of signal to levels that are readily detectable with MS
and eliminate the background signal provided by high-
abundance ‘native’ proteins or peptides in the sample
(Scheme 9).>* When reporter peptides are added to the speci-
men, the proteolysis of these exogenous reporters produces a
unique MS spectrum that will be different in the absence or

A
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c\?" T ue o
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COMPLEX SAMPLES SPIKED EACH MS-TAG DETECTS
WITH MS-LABELLED PEPTIDES APROTEASE
Scheme 9 MS proteolytic profiling, where protease peptide substrates
are modified with MS tags (shown here in blue, red or green) and used as
reporters. Complex samples can be spiked with these mixtures of reporters
and the targeted proteases cleave the peptides releasing the MS tags. Each
tag has a unique MS spectrum and each reports on the activity of a
different protease.

2108 | Chem. Soc. Rev., 2022, 51, 2081-2120

View Article Online

Chem Soc Rev

presence of the protease (excess reporter peptides are necessary
not only to ensure substrate saturation, but also to displace
competing natural substrates from any tumour-associated
proteases).>*?

The use of isotopic MS tags has greatly simplified analysis of
complex samples with tagging of freshly generated peptide
fragments prior to separation and analysis allowing quantita-
tive MS/MS analysis of digested peptides. The first isotope-
based MS tags for peptides incorporated stable heavy isotopes
such as *C, ®N,"®0 and *H with initial tags consisting of a
duplex system with “heavy/light” isotope tags,**
comparison of two different conditions (Table 2).

ICAT (Isotope-Coded Affinity Tags)**® is an isotopic, duplex
system of MS tags that contain a biotin moiety that allows
isolation by affinity chromatography, allowing co-elution of
isotopically labelled peptides for further analysis.**® However,
screening of larger number of variable conditions was not
possible.?®” In 2002, isobaric tags were introduced, ITRAQ
(Isobaric Tags for Relative and Absolute Quantitation)**® and tandem
mass tags (TMT)*****° as powerful tools for multiplexed MS proteo-
mic analysis. These tags contain multiple isotopic variants that are
chemically identical, and co-migrate in liquid chromatography
separations but offer different MS signatures.

Optimisation of MS reporter peptides led to the design of a
generation of reporters that used isobaric and non-isobaric iso-
tope mass tagging for targeting proteases overexpressed in dis-
ease. The reporters generally contained a specific peptide-based
substrate covalently linked to a MS tag. The tag-containing pep-
tides co-eluted in chromatographic separations, while the combi-
nation of reporter peptides could be analysed by MS/MS.
Findeisen developed a series of synthetic MS tagged reporter
peptides®?**** to help address a key challenge of protease
profiling in complex biological samples, namely the risk of
cleavage by non-specific peptidases, that are generally very abun-
dant in complex samples. This was achieved by incorporating a
flanking aminohexanoic acid groups in the peptide substrate that
successfully reduced degradation by native exopeptidases.>*>

Ouyang developed non-isotopic labels to screen for caspase-
3 cleavable peptides,>*® using MALDI-MS as the analytical
method with peptides labelled by virtue of a terminal malei-
mide handle. This demonstrated sensitive detection of caspase-
3 activity and offers a platform that would be applicable to
other proteases.

Bhatia®** developed a variety of synthetic biomarkers for
disease-related proteases based on photocaged tandem isobaric
peptides allowing up to 10-plexed protease analysis in a single
run for possible disease stratification (Fig. 25). The probes/
reporters consisted of nanocluster carriers, conjugated to clea-
vable peptide mass reporters for proteases overexpressed in a
variety of diseases. The reporters contained substrate peptides
with isobaric MS tags conjugated through a photolabile
linker**® with an additional peptide that enhances renal clear-
ance. The nanocluster constructs were cleaved by disease
related proteases and since the released fragments were con-
nected to isobaric MS tags (via a photocleavable linker), this
allowed comparative relative abundance quantification of all 10

allowing

This journal is © The Royal Society of Chemistry 2022
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Table 2 MS-based methods for protease profiling

View Article Online

Review Article

Systems/
Strategy Reporter peptide Type of tag Tag conditions Protease Ref.
Unlabelled Exogenous peptide Non-isotopic Tryptic digest of the 2 Non-specific Findeisen
peptide  from bacteria N-terminal adenomatous polyposis 2008>%
coli protein
MS Synthetic protease Non-isotopic AhxAhx-HHHHHH 2 Cysteine- Peccerella
encoded  substrate with protease endopeptidase cancer 2010>*
peptide resistant label procoagulant Yepes
2011**?
Ahx-ateevlkl 2 Cysteine- Yepes
endopeptidase cancer 2012%°
procoagulant
Dual maleimide (DuMal) 2 Caspase-3 Ouyuong
2019*%
Isobaric tagged Isobaric One letter code 10 Thrombin Tissue Bathia
peptides (iCore) factor FXa 2020%**
p-Amino acids lowercase Cathepsin B
Note: Charges in the structures below refer MMP2
to isotope mass additions not formal MMP7
charges MMP38
e"*G"*VndneeGFfsAr MMP9
e”G"*Vndnee ' GFfsAr MMP14
e"'G"*vndnee > GFfsAr
eG'°Vndnee*GFfs " Ar
eG"vndneeGFfs™Ar
e"*G"'vndnee" GFfs"*Ar
e"*GVndneeG °FfsAr
e"*GvndneeG *Ffs"'Ar
e"'GVndnee*G"FfsAr
eGVndnee*G*°FfsAr

Proteases

&
& om @

Cleaved reported peptides

photocleavage

and Int
% Oy, Lc-MsiMs N

m/z

Fig. 25 Mass tagged nanocluster carriers, conjugated to cleavable peptide mass reporters for profiling of MMP protease activity overexpressed in a variety of
diseases.2** The nanoclusters (each containing a different peptide sequence) are delivered to the disease site where overexpressed proteases release the isobaric MS
reporter tags that are filtered into the urine. The reporters in the urine are treated with light to release the MS isobaric tags that are analysed by MS/MS. NC: nanocluster

conditions/tags. One biomarker approach was developed for
detection of fibrosis using so-called iron oxide nanoworms as
carriers for the reporters,”*®> with each nanoworm containing
multiple copies of the same isobaric peptide, with 10 different
isobaric nanoworm complexes co-administered. Cleavage of the
constructs led to reporters in urine, and an indication of active
protease present. Following the same approach, probes were
developed for the detection the protease activity in prostate®*®
and lung cancer.>**

2.3 Electrochemical

Electrochemical probes are a class of chemical probes in which
an electrode is used as a transducer element in the presence of
an analyte that allows generation of an electrochemical signal

This journal is © The Royal Society of Chemistry 2022

change. Electrochemical biosensors have been used for the last
60 years®*” and were first reported was by Clark and Lyons>*® to
allow measurement of glucose levels. Based on their mode of
operation and the type of electrode, electrochemical biosensors
can be classified as potentiometric, amperometric or impedi-
metric but all have in common the conversion of chemical
information into a measurable electrochemical signal.
Electrochemical protease biosensors offer some advantages
over those based on fluorescence as they can offer higher
specificity and sensitivity even in turbid or intrinsically fluor-
escent solutions. Many of these are also compatible with
miniaturisation and mass-manufacture for point-of-care
devices (Fig. 27).>*° Comprehensive reviews covering this area
include those by Vanova,>*® Ming”*® and Ong.'® Typically,
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protease analysis probes are composed of a redox-tagged recog-
nition peptide for the enzyme of interest, which is then
attached to an electrode surface (Scheme 10). The flexibility
of the peptide allows for the redox tag to come into contact with
the electrode surface to elicit an electrochemical signal. Upon
cleavage of the peptide by the enzyme of interest, the redox tag
is released into the bulk solution and a quantifiable signal
decrease can be used to determine enzyme activity. This was
demonstrated by a probe (83) developed by Liu with ferrocene-
labelled MMP-7-cleavable peptides immobilised onto a gold
electrode.?” In the absence of MMP-7, maximal voltammetric
signal was achieved as the redox labels were close to the surface
allowing redox cycling with the electrode surface. Observable
decreases in the signal corresponded to various levels of MMP-7
in solution with a limit of detection of 0.1 ng mL™'. p-
Aminodiphenylamine (pADA) and methylene blue have been
used as redox reporters in probes for thrombin (84)*°* and
MMP-9 (85),>** and similar approaches have been employed for
a range of other proteases including the cathepsin family,>**
neutrophil elastase (87, Fig. 26)**> and HIV-1 protease (88).>°°
Gold electrodes have been always the classical choice when
designing electrochemical protease probes, however, in recent
years, several novel electrode platforms have been used show-
ing excellent performance on protease sensing. Indium Tin
Oxide electrodes®” and carbon based electrodes are examples
of alternatives to gold electrodes used in the field. Embedded
vertical carbon nanofiber electrodes, separated from each other
forming a bush-like platform, were used for the detection of
Cathepsin B (86).>°® These approaches reduce steric hindrance

ATEAS AEPORTER !
-
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/ STCNAL DECREASE
b
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- —
(LECTROCHEMICA
STGNAL INCREASE

Scheme 10 Electrochemical sensing strategies for proteases. (a) Signal-
off detection. Cleavage by the protease, releases the reporter from the
electrode resulting in a decrease of signal. (b) Signal-on detection. Clea-
vage by the peptide demasks a high-affinity sequence that promotes
electrochemical reporter binding, resulting in an increase in the electro-
chemical signal.
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Fig. 26 Electrochemical detection of HNE (87).2%° (a) % signal change-
time course for substrate-modified electrodes immersed in varying HNE
concentrations (0, 10, 50, 75, 100 and 150 nM) in HEPES buffer. (b)
Adjusted signal, A (%), after 90 min plotted against the concentration of
HNE. (c) Electrical signal registered at different incubation times (0, 5, 10,
20, 60 and 90 min) for 100 nM HNE in HEPES buffer. Reproduced from ref.
255 with permission Elsevier, copyright 2018.

and improve temporal resolution. Novel Pt based microelec-
trodes for detection of trypsin were pioneered by Ucar,”*® whose
results demonstrate similar specificity when compared to Au
electrodes and enhanced reproducibility and stability. How-
ever, all these strategies rely on a ‘signal-off’ output, which may
be undesirable.

A label-free strategy can be employed to overcome these
drawbacks, wherein a peptide sequence is used to preclude or
promote the approach of a redox mediator to the electrode
surface; either by steric or electrostatic repulsion. An advantage
of this strategy is that peptide substrates can be used without
the need of a label, allowing for more sensitive assays. Cao has
demonstrated a general method using electrostatic repulsion in
a system where a peptide with a cationic region is immobilised
on the electrode. The peptide formed a layer that prevents the
penetration of the cationic [Ru(NH;)g]Cl,]" redox reporter due
to electrostatic repulsion, and no electrical signal was trans-
ferred. Upon the cleavage of the peptide, the positively charged
region was released and the reporter can approach the elec-
trode surface to produce a “signal-on” (89).>°° However, this
signal requires the addition of an electrochemical reporter to
the assay. Deng designed a ‘signal off’ probe, using [Fe(CN)q]*
*~ as a redox reporter and a peptide immobilised to a gold
surface. A positively charged Lys in a peptide induced binding
of the negatively charged redox reporter resulting in an elec-
trical signal output. Upon the addition of the serine protease
PSA, the Lys residue was cleaved and the reporter no longer
binds the peptide, resulting in a decrease in the electrical
signal.”®" However, high background-to-signal ratios limit the
sensitivity of this method compared to redox labelled-peptide
strategies.

Li,*®* using a gold electrode with immobilised peptides (via
11—mercapt0undecan01c acid) developed a system that con-
tained a ‘““seed peptide” that accelerates/catalyses amyloid 3
misfolding on the electrode surface. The incorporation of a
cleavable sequence between the anchoring fragment and the

This journal is © The Royal Society of Chemistry 2022
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seed sequence allowed protease mediated release of the seed
motif (and prevention of amyloid formation) allowing the
electrode surface to be available for interactions with the free
redox reporter.

Another example that falls in between a redox-labelled
and label-free design is the ‘signal on’ system designed by
Ko,”® based on the triggerable interaction of a redox reporter
with the electrode. The system was used to report on the
presence of thrombin using ferrocene as the redox reporter
and a fibrinogen coated electrode. The electrode, coated with
Fe-fibrinogen, was susceptible to thrombin mediated hydro-
lysis of the coating fibrinogen, that ‘““demasked” the surface
of the support.

View Article Online

Review Article

Other strategies that depend on a complex formation or
secondary triggered reactions have also been developed. Thus,
proteolytic activity has been measured electrochemically by use
of the cleaved peptide acting as a ligand for an electrocatalyst:
for example, an electrocatalyic reaction can be triggered by
caspase-3.>°* Cleavage of the substrate peptide (90) released a
Cu(u)/Ni() peptide binding motif (Ser-Lys-His) that resulted in
the in situ synthesis of the reporter, a copper electrocatalyst for
water oxidation at the electrode surface. The use of water as a
substrate negates the need for addition of other reagents and
provides a straightforward and simple operating procedure
with low background current for caspase-3, and a LoD of
0.2 pg mL™". This sensing platform was shown to be robust
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in complex media, such as cell lysate. Following a similar
principle, Wu®®® developed a two-enzyme system (91) where
the catalyst in this case was alkaline phosphatase (ALP) and the
activating protease B lichenifromis. ALP catalyses the formation
of electrochemically active phenol. The system incorporated
streptavidin-alkaline phosphatase (Sav-ALP) on the electrodes
through a biotin-labelled peptide substrate. In absence of the
protease, streptavidin-alkaline phosphatase catalyses the for-
mation of a redox reporter, while in its presence the biotin
moiety was removed from the electrodes reducing the electro-
chemical signal.

2112 | Chem. Soc. Rev., 2022, 51, 2081-2120

Chen?®® reported a system with a LoD for caspase-3 of 0.06
pg mL ™' (~3 fM). The system used the triggerable binding of
methylene blue to the electrode by immobilisation of a peptide
substrate. Thus, an acetylated caspase-3 peptide substrate was
anchored into an electrode via a C-terminal Cys residue (94).
Cleavage exposed a free terminal amine group on the remain-
ing anchored fragment, which was able to covalently bind
graphene oxide. Electroactive methylene blue then bound
through n-n stacking and resulted in an increase of electro-
chemical signal. Meng®®” used graphene oxide for the in situ
generation of silver nanoparticles on a peptide functionalised

This journal is © The Royal Society of Chemistry 2022
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gold electrode. In the absence of PSA, the graphene oxide was
immobilised on the peptide and silver nanoparticles were
generated in situ, resulting in an electrochemical signal.

Xia used an immobilised peptide-heme catalyst complex*®®
to increase electrochemical signals in response to the pB-
amyloid precursor protein enzyme 1 (BACE1). The construct
(93) consisted of a heme-binding segment (Ap1 — 16), the
heme being capable of the electrocatalytic reduction of O,. This
sequence was bound to the BACE1 substrate whose cleavage by
BACE1 released the heme binding region of the peptide, such
that reduction of O, was no longer possible.

Attempts have been made to incorporate amplification
within these systems to further increase their sensitivity. Mag-
netic beads or nanoparticles*®® functionalised with peptide-
reporter systems (94), have been used to assay activity in
complex media (e.g. blood or urine) and can then be extracted
and deposited onto magnetic electrodes, to allow analysis in
less complex media (e.g. aqueous buffers). Neutravidin coated
magnetic beads (95) were used for detection of trypsin®’® with
enhanced sensitivity and robustness in cell lysate and clinical
samples (probe consisting of neutravidin magnetic nano-
particles functionalised with substrate peptides via a biotin
moiety, labelled with a FITC antigen tag detectable by a labelled
antibody). In the absence of trypsin, the peptide probe was
intact and a high number of redox tags providing a large
amperometric response (using the hydroquinone (HQ)/HRP/
H,0, system). While the presence of trypsin decreased the
amperometric signals. Fluorescence from cadmium telluride
quantum dots (CdTe-QDs) was converted into measurable
photocurrent by Liu,>”* using electrodes functionalised with a
peptide that contained a positively charged region to attract the
QDs (96). Upon trypsin cleavage, the QDs were released from
the surface and the signal decreased.

A related strategy was designed by Yuan to translate the
peptide cleavage event to a nucleic acid-based detection
platform.>”>  Peptide-functionalised magnetic polystyrene
microspheres were coupled to DNA-AuNPs (97). The proteolytic
action of the enzyme of interest (MMP-2) decouples the DNA-
AuNPs from the peptide-microspheres with the DNA released
by proteolytic activity hybridising to a redox-labelled comple-
mentary strand of DNA. Next, an exonuclease III assisted
cycling signal amplification step was applied, whereby the
duplex DNA was selectively digested to release the redox label
(methylene blue), as well as the DNA-AuNP. The electrode
surface, functionalised with a macrocyclic cavity (cucurbituril)
binds the redox label and provides an electrical signal. The
release of the DNA-AuNPs allows for another hybridisation
event to occur with cyclical amplification system allowing a
single DNA-AuNP to allow multiple redox labels to approach the
electrode surface. The host-guest interactions at the electrode
surface provided a LoD of 0.15 pg mL ‘. This ‘signal-on’
sensing platform allows for robust analysis, with multiple steps
preventing false positive results and could be applied to a range
of proteases in human serum.

Another method for amplification has been developed by
Hu?”® that combined the use of substrate peptides as a

This journal is © The Royal Society of Chemistry 2022
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recognition element and RAFT polymerization for signal ampli-
fication. Thrombin substrate peptides were immobilised onto a
gold electrode via an N-terminal cysteine residue (98). Follow-
ing cleavage by thrombin, the electrode was immersed into a
solution containing a Zr(iv) source and a carboxylate-containing
RAFT initiator. Only at the site of the cleaved peptide (free
carboxylic acid), did the Zr complex form a bridge between the
carboxylate of the RAFT initiator and the peptide. The addition
of acrylate-ferrocene allowed polymerisation and recruitment of
multiple redox reporters at the site of cleavage, allowing for very
sensitive detection.

3 Summary and perspectives

In this review, we have discussed the recent advances, and high-
lighted the most relevant and novel substrate-based reporters
and strategies, for the detection of proteolytic activity.

The design of substrate-based reporters for the detection of
proteolytic activity needs to overcome a number of challenges,
namely the level of sensitivity can be a challenge when trying to
target relevant proteases where expression levels can be low;
while specificity is another key issue. This means that the
generation of highly specific probes to target a single protease
within a relatively broad family (e.g. caspases or MMPs),
becomes a difficult task due to overlap in substrate recognition,
while by-stander cleavage by generic/non-specific proteases is a
common problem. Most of the reporters described in this
review, target model proteases that are well understood and
have been extensively used in a variety of applications, but the
targeting of novel, low abundance, protease biomarkers
remains a challenge.

A key challenge in the area of optical probes remains their
in vivo application, due to poor tissue penetration of light
enabled by current imaging technologies and high background
signals from complex biological environments. However, sev-
eral reporters for proteolytic activity have entered clinical
studies e.g. for margin detection during surgery, in the last
decade. New strategies are driving improvements in tissue
penetration and background signal reduction with the shifting
of the emission of fluorescent probes into the near-infrared
region and beyond.

Photoacoustic imaging allows for enhanced tissue penetra-
tion and can be used in combination with fluorescence, reaping
the benefits of both worlds. Chemiluminogens show great
promise as alternatives to fluorescence, with virtually no back-
ground signal, with efforts focused on improvement of probe
stability and shifting of emission wavelength by tuning natural
substrates. Quantitative analysis is not easily achieved with
optical substrate-based probes and only a few examples exist
that allows quantitative analysis in association with signal
amplification. Activity-based probes, that covalently bind to
the protease following activation, can overcome this problem,
however, they render the protease inactive and provide no
signal amplification. There has been much work in the area
of theragnostics, with multimodal probes combining optical
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imaging-based diagnosis and therapeutic intent, using photo-
dynamic, photothermal strategies and activatable prodrugs.

On the in vitro-based application side, the novel applications
of colorimetric sensing and electrochemical sensors offer great
promise as low-cost and highly sensitive chemistries for point-
of-care testing, but the immobilisation of the substrate probe
can still present challenges. Electrochemical probes offer great
promise as a point-of-care technology with the possibility of
miniaturisation with relatively simple designs, however most
rely on a signal-off response. MS based protease detection is a
powerful tool for protease activity profiling, but a key challenge
is the complexity of biological samples, that can affect the
sensitivity/specificity of the assay and the resulting read-out.

The field of protease-based chemical probes is rapidly evol-
ving to allow further detailed analysis of proteolytic events. In
this review, we have described a few from the many examples of
each type of probe applied in a variety of situations. The
breadth of technologies developed enable access to protease
detection in almost any situation, be it in vivo real-time fluor-
escent imaging by applying the concept of aggregation-induced
emission or low-cost easily applied, colorimetric platforms for
use in resource-limited settings. The future of protease
chemical probes will continue to be bright, diverse and
innovative.
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