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Enzymes play central roles in cellular regulation, disease progression, and therapeutic response, making
them ideal targets for diagnostic and therapeutic chemical probes. Among them, proteases and kinases
are particularly valuable due to their dysregulation in cancer, immune disorders, and infectious diseases.
In this Perspective, we highlight recent advances in chemical probe development aimed at these enzyme
families, with a focus on imaging modalities and translational potential. Kinase-targeted probes are
frequently derived from clinically approved inhibitors, facilitating their repurposing for diagnostic
applications. In contrast, protease-responsive probes rely on detailed substrate specificity profiling,
where the incorporation of unnatural amino acids serves as a key strategy for achieving selectivity and
stability in biological systems. We explore the broad landscape of probe modalities, including activatable
fluorescent substrates, PET tracers, and mass cytometry-compatible metal-tagged reagents, that
collectively enable sensitive, real-time, and multiplexed analysis of enzyme function in cells and tissues.
Notably, enzyme-activated theranostic systems are emerging that couple imaging with targeted drug
release, expanding the functional scope of chemical probes beyond detection. We also discuss how
artificial intelligence is beginning to support the design process, from structure prediction and binding
affinity modeling to the generation of novel chemical scaffolds with favorable pharmacological
properties. With several enzyme-targeted probes now in clinical trials or approved for human use, this
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The ability to image their activity in living systems provides
a window into biochemical processes with unparalleled speci-

1. Introduction

Enzymes are fundamental regulators of nearly every biological
process, and their activity often reflects dynamic physiological
or pathological states more accurately than their abundance.*
Among them, proteases and kinases stand out as particularly
important in biomedicine. Proteases, through their roles in
tissue remodeling, inflammation, apoptosis, and metastasis,
are deeply implicated in cancer, cardiovascular disease, and
immune disorders.>® Likewise, kinases orchestrate complex
signal transduction cascades governing cell growth, differenti-
ation, and survival, with dysregulated kinase activity being
a hallmark of many malignancies and inflammatory diseases.*®
Beyond these, other enzyme classes, including glycosidases,
phosphatases, and oxidoreductases, are increasingly recognized
as critical players in metabolism, infection, neurodegeneration,
and immune modulation.' As such, enzymes serve not only as
biomarkers of disease but also as direct therapeutic targets.*”
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ficity and spatiotemporal resolution, with vast implications for
early diagnosis, disease monitoring, and precision medicine.®
Historically, the study of enzyme function relied on in vitro
methods such as spectrophotometric assays, zymography, or
immunoblotting, which are powerful but fundamentally limited
to fixed or lysed samples.”** These approaches lack the capacity
to capture enzyme activity in its native context, that is, within
intact, dynamic biological systems. In contrast, the develop-
ment of chemical probes designed for enzyme imaging has
enabled a transformative shift from static to dynamic analyses,
allowing real-time visualization of enzyme activity within living
organisms.">** This evolution has been driven by advances in
organic synthesis, imaging technology, and a deeper under-
standing of enzyme-substrate interactions. Modern enzyme-
targeted chemical probes are typically composed of three
elements: (i) a targeting moiety (such as a substrate or inhib-
itor), (ii) a linker, and (iii) a reporter group that produces
a measurable signal upon enzymatic interaction. When
administered systemically, these probes circulate through the
body and become activated or accumulate at sites where the
target enzyme is functionally active.®'® The resulting signal,
whether optical, radioactive, magnetic, or elemental, can then
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be detected by an appropriate imaging modality. Critically, such
probes enable activity-based rather than abundance-based
imaging, thus distinguishing between active and inactive
enzyme populations. This is particularly relevant in disease
settings where overexpression of an enzyme does not neces-
sarily correlate with catalytic function. Fluorescence imaging
remains the most widely used modality for enzyme probe
development, favored for its high sensitivity, versatility, and
real-time readouts. Many probes utilize a “turn-on” mechanism,
wherein fluorescence is quenched until enzymatic cleavage of
a substrate releases the active fluorophore.” The introduction
of near-infrared (NIR) and NIR-II fluorophores has further
enhanced in vivo applicability by improving tissue penetration
and reducing background autofluorescence.’® Meanwhile,
positron emission tomography (PET) and single-photon emis-
sion computed tomography (SPECT) allow highly sensitive,
quantitative imaging of radiolabeled enzyme probes at the
whole-body level.” These modalities are particularly useful for
longitudinal studies and clinical translation but impose strict
requirements on probe stability and radiochemical synthesis.
Magnetic resonance imaging (MRI) offers superior anatomical
resolution and is increasingly employed using enzyme-activated
contrast agents that alter relaxivity upon cleavage or
binding.**** More recently, mass cytometry techniques, such as
cytometry by time-of-flight (CyTOF) and imaging mass cytom-
etry (IMC), have opened the door to highly multiplexed, ex vivo
analysis of enzyme activity.?>** Here, lanthanide-tagged probes
can simultaneously profile dozens of enzymes or biomarkers in
single cells or tissue sections, without spectral overlap.

The design of enzyme-targeted probes typically follows one
of three general strategies. Substrate-based probes incorporate
a recognition sequence that undergoes enzymatic trans-
formation, such as cleavage (e.g., hydrolases), modification (e.g.,
oxidoreductases), or group transfer (e.g., protein kinases, gly-
cosyltransferases), leading to signal generation. These are
conceptually simple and often amplify signal, since one enzyme
can process multiple probe molecules.”* Inhibitor-based
probes, by contrast, contain reactive groups that covalently
and irreversibly bind to the active site of the enzyme. This allows
a direct and stoichiometric readout of catalytic function,
particularly useful for profiling proteases and kinases in
complex biological environments. A third strategy employs
affinity-based probes, often derived from known inhibitors, that
bind non-covalently or via photo-crosslinking. These are espe-
cially valuable for kinases, where binding selectivity can be
finely tuned, and for target engagement studies.*® Despite rapid
progress, the field faces persistent challenges. One of the most
formidable is achieving high selectivity for individual enzyme
isoforms, particularly within large and conserved families such
as caspases or tyrosine kinases.”®* Minor variations in active
site topology or substrate preference can be difficult to exploit
without extensive synthetic optimization. Furthermore,
enzyme-targeted probes must demonstrate sufficient stability in
biological fluids, resist off-target activation, and exhibit favor-
able pharmacokinetics to accumulate selectively at the site of
interest.>*® The design of the reporter group must also be
compatible with the chosen imaging modality: for example, PET
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probes require isotopes such as '®F or ®!Cu that necessitate
short synthetic timelines and specialized facilities, while MRI
probes often require multimeric assemblies or enzymatically
triggered self-assembly to generate adequate contrast.> Addi-
tionally, probe synthesis must be scalable and robust, especially
for applications in preclinical or clinical settings. For complex
probes, such as those incorporating peptides, fluorophores, and
radiolabels, multi-step synthesis, purification, and functional
testing pose logistical barriers to widespread use. Another
emerging frontier lies in minimizing background signal from
non-specific activation or accumulation. This issue is especially
pertinent for in vivo optical imaging, where autofluorescence
and probe diffusion can obscure true enzymatic activity. Simi-
larly, non-enzymatic degradation of probes in circulation can
release the signal prematurely, reducing contrast and limiting
diagnostic value.?

1.1. What makes a good probe for in vivo imaging

For in vivo imaging applications, the selectivity of protease
chemical probes is paramount. A major challenge lies in
ensuring that the probe resists cleavage by off-target enzymes
with similar substrate specificities. Lack of selectivity remains
a significant limitation, as many probes are activated by prote-
ases expressed in both pathological and healthy tissues. This
non-specific activation reduces imaging contrast and dimin-
ishes diagnostic precision, particularly in applications such
as.*** One of the defining weaknesses of poorly designed fluo-
rescent probes, especially conventional “always-on” variants, is
their inability to provide sufficient contrast between malignant
and normal tissues. These probes emit continuous fluorescence
regardless of their biological environment, resulting in low
tumor-to-background ratios and impeding accurate delineation
of tumor margins. This problem is exacerbated by tissue auto-
fluorescence, nonspecific accumulation, and light scattering, all
of which lower the signal-to-noise ratio and hinder the detec-
tion of small or early-stage lesions.**** Traditional imaging
modalities such as MRI, CT, and ultrasound often lack the
spatial resolution necessary to detect microscopic cancerous
deposits, particularly those under 5 mm in size. Given that
many metastatic lesions are smaller than 2-3 mm, an effective
imaging probe must offer not only high specificity, but also
exceptional sensitivity.*® It should generate a robust signal in
response to pathological enzyme activity, while remaining silent
in the presence of physiological background levels. This is
especially important for enzymes that are upregulated in
tumors but still present at low levels in healthy tissues.'®**
Without this level of discrimination, there is a risk of false-
positive signals and unnecessary tissue excision. In the
context of surgical imaging, the speed of probe activation is also
critical. The probe should generate a detectable signal within
minutes, to align with the surgical workflow and provide real-
time feedback to the operating team. Many existing probes
require prolonged incubation to reach peak fluorescence, which
limits their usefulness in intraoperative settings.®** Beyond
selectivity and activation kinetics, other essential properties of
a good in vivo probe include stability in circulation, minimal
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toxicity, and favorable pharmacokinetics to ensure efficient
delivery to the tumor site. Optical properties also matter: the
fluorophore should ideally emit in the near-infrared range to
minimize background interference, reduce photobleaching,
and allow deeper tissue penetration.* Furthermore, the probe
should be designed to avoid nonspecific uptake by the reticu-
loendothelial system and ensure rapid clearance from non-
target tissues. In summary, an ideal in vivo protease probe
must combine high target selectivity, fast and specific activa-
tion, robust optical contrast, and suitable pharmacological
behavior to function effectively in the complex physiological
environment of a living organism. These combined features are
essential for clinical translation, particularly in applications
such as early diagnosis, real-time tumor margin visualization,
and intraoperative decision-making.

Against this backdrop, the present Perspective aims to
provide a comprehensive yet critical overview of recent advances
in the design, synthesis, and application of enzyme-targeted
chemical probes for imaging. Particular emphasis is placed
on proteases and kinases, not only due to their established
medical relevance but also because they exemplify the chemical
and biological challenges associated with probe development.
We also highlight recent progress in imaging probes for other
enzyme classes, including glycosidases and phosphatases,
which are rapidly gaining recognition as valuable diagnostic
targets. Across diverse imaging modalities, ranging from fluo-
rescence and PET to mass cytometry, we examine how probe
structure, stability, and functional performance determine
imaging efficacy. Finally, we explore how artificial intelligence
and modular chemistry are poised to accelerate probe discovery
and translation. By integrating examples from chemical
biology, medicinal chemistry, and biomedical imaging, we aim
to illuminate the evolving landscape of enzyme imaging and
define key priorities for future innovation.

2. Fluorescent probes for proteases

2.1. The general structure of protease chemical probes

Proteases are enzymes that catalyze the hydrolysis of peptide
bonds.*® Accordingly, chemical probes designed to monitor
their activity typically consist of at least two fundamental
components: a peptide recognition sequence selective for
a specific protease, and a reporter tag that enables detection of
enzymatic activity."**” Protease-targeted probes can be broadly
categorized into two classes: inhibitor-based probes, commonly
referred to as activity-based probes (ABPs), and substrate-based
probes (SBPs). Although ‘ABP’ is often used for inhibitor-based
probes, both inhibitor- and substrate-based probes detect
enzymes in their catalytically active state (Fig. 1). ABPs cova-
lently bind to the enzyme's active site via an electrophilic
warhead, such as an (acyloxy)methyl ketone (AOMK), a phos-
phonate group [typically ~OF(OPh),], or a vinyl sulfone (VS),
which are commonly used for targeting cysteine, serine, and
threonine proteases, respectively.’* In most cases, these probes
contain a constitutively active (“always-on”) reporter tag,
although quenched activity-based probes (qABPs) and
environment-sensitive probes have also been developed.***° The
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latter include quenching moieties that suppress the fluores-
cence of the tag until the probe reacts with the enzyme, thereby
reducing background signal. Due to their covalent and irre-
versible mode of action, ABPs are particularly well-suited for
applications such as western blot analysis and fluorescence
microscopy, where stable labeling is required. In contrast, SBPs
are non-covalent and rely on enzymatic cleavage of a specific
peptide sequence to activate a signal, typically through the
release or unquenching of a fluorophore.***® Because the fluo-
rescent signal is generated only upon proteolytic cleavage, SBPs
generally offer a higher signal-to-noise ratio, which is advanta-
geous for dynamic, live-cell applications. Techniques such as
fluorescence microscopy and flow cytometry are commonly
used to visualize enzymatic activity with SBPs. While ABPs
provide stronger target retention and increased intracellular
stability, their stoichiometric (1: 1) interaction with the enzyme
limits the potential for signal amplification. In contrast, SBPs
allow multiple turnover events by a single protease molecule,
enabling amplification of the signal.** Reporter tags used in
protease probes are most commonly fluorophores, although
metal-based reporters, such as those used in PET imaging or
time-of-flight (TOF) mass cytometry, are also employed in
specialized applications.*>** Fluorescence activation can be
achieved through various mechanisms, including the restora-
tion of functional groups, the disruption of Forster resonance
energy transfer (FRET), charge transfer (CT), or photoinduced
electron transfer (PET) in quenched probes, as well as
aggregation-induced emission (AIE) and bioorthogonal in situ
fluorophore synthesis.>* Since metal-tagged probes for mass
cytometry (so called TOF-probes) are discussed in a separate
chapter, the focus here will be on selected examples of fluoro-
genic, peptide-based protease probes. Given the highly active
and competitive nature of research in this area, only a subset of
probes with demonstrated or promising relevance for clinical
applications is presented, with particular emphasis on selec-
tivity and translational potential.

2.2. Protease chemical probes for biomedical applications

The clinical success of protease-targeted imaging agents hinges
on their ability to combine biochemical selectivity with func-
tional performance in complex biological environments. One of
such example was provided by Liu et al. who developed Bio-
DEVD-HCy, a dual-modal fluorescent and photoacoustic
imaging probe for detecting caspase-3 activity during tumor
apoptosis (Fig. 2A).** The probe integrates three functional
units: a biotin targeting group for tumor-specific accumulation,
a DEVD peptide sequence as a caspase-3 recognition site, and
a hemicyanine (HCy) dye as the NIR reporter. In its intact state,
the probe's fluorescence and photoacoustic signals are
quenched due to inhibited intramolecular charge transfer (ICT).
Upon caspase-3 cleavage at the DEVD site, the dye is released,
restoring ICT and producing strong NIR fluorescence and
photoacoustic responses. The biotin modification enhances
selective tumor uptake through receptor-mediated targeting, as
confirmed by competition experiments with free biotin. In
cellular studies, Bio-DEVD-HCy showed significant signal
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inhibitor-based probe. (D) FRET-based substrate probe. (E and F) Examples of probe elements — electrophilic warheads (E) and detection tags (F).
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window around four hours post-injection. Its NIR optical
properties enable deep-tissue imaging with reduced scattering
and absorption, making it suitable for noninvasive monitoring
of therapeutic efficacy. Overall, Bio-DEVD-HCy represents
a promising platform for targeted, enzyme-responsive molec-
ular imaging in cancer diagnosis and therapy assessment.

Recently, Yang et al. developed NEP, a hemicyanine-based
chemical probe, and its nanoformulated counterpart Nano-
NEP for multimodal imaging of neutrophil elastase (NE) activity
in diabetic complications (Fig. 2B).** The core probe design
employs a pentafluoropropanoic acid-protected amino group
that suppresses intramolecular charge transfer until enzymatic
cleavage by NE restores near-infrared fluorescence and photo-
acoustic signals. This activation mechanism allows NEP to
report NE activity through triple-modality readouts, including
fluorescence, photoacoustic, and absorption spectroscopy,
offering both high sensitivity and spatial resolution. To over-
come the probe's poor solubility, the researchers engineered
NanoNEP by self-assembling NEP with bovine serum albumin,
forming biocompatible nanoparticles with enhanced aqueous
stability and preserved optical performance. NanoNEP demon-
strated low detection limits for both fluorescence and photo-
acoustic modes, along with strong linear correlations with NE
concentration, high selectivity, and excellent stability under
physiological conditions. In a streptozotocin-induced diabetic
mouse model, NanoNEP successfully visualized elevated NE
activity in liver tissue, wounds, and serum, correlating with
inflammatory damage and poor wound healing. Treatment with
metformin partially reduced NE-associated signals, high-
lighting the probe's capability to monitor therapeutic efficacy
and reveal NE's contribution to diabetic inflammation. Human
validation studies confirmed increased fluorescence in diabetic
foot lesions and patient serum, demonstrating the translational
potential of NanoNEP for clinical diagnostics. Cytotoxicity and
histopathological analyses indicated excellent biocompatibility,
with the albumin nanoformulation markedly reducing toxicity
compared to free NEP. Collectively, this study establishes
NanoNEP as a powerful and clinically viable imaging platform
for detecting and quantifying neutrophil elastase activity,
enabling noninvasive monitoring of inflammation and thera-
peutic response in diabetic complications.

Feng et al. introduced a charge-based strategy for designing
highly sensitive fluorescent probes targeting fibroblast activa-
tion protein o (FAPa), a key biomarker associated with tumor
invasion and metastasis (Fig. 2C).* Unlike conventional FAPa
probes that rely solely on modifying recognition sequences, this
approach enhances probe-enzyme interactions by introducing
positive charges into the fluorophore skeleton, exploiting elec-
trostatic complementarity with FAPo's negatively charged
catalytic pocket. Through systematic structural optimization,
the researchers developed a library of probes and identified
FQCy7, a dicationic cyanine-based probe, as the lead candidate
due to its superior optical and enzymatic performance. The
probe operates through a caged amino group mechanism in
which the Cbz-Gly-Pro substrate blocks intramolecular charge
transfer until enzymatic cleavage by FAPa. restores strong near-
infrared fluorescence. The introduction of positive charges
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significantly improved enzyme binding affinity, catalytic effi-
ciency, and detection sensitivity. Comparative studies and
molecular docking confirmed that charged variants displayed
stronger binding and faster activation kinetics than their
neutral counterparts. In cellular imaging, FQCy7 successfully
differentiated highly invasive MDA-MB-231 breast cancer cells
from less invasive MCF-7 cells and tracked FAPo activity
modulation following inhibitor or drug treatment. In clinical
tissue analyses, the probe clearly distinguished invasive carci-
nomas from benign lesions and revealed residual tumor regions
in surgical margins, correlating with histopathology and FAP«
immunofluorescence. Animal model studies demonstrated its
capability for real-time intraoperative guidance, enabling
precise tumor resection and assessment of surgical complete-
ness. Overall, FQCy7 exemplifies a powerful new design para-
digm in enzyme-responsive imaging, establishing a versatile
and clinically translatable platform for sensitive cancer detec-
tion, image-guided surgery, and therapeutic monitoring.

In 2025, Kahler et al. introduced the first quenched activity-
based probes for real-time imaging of neutrophil serine prote-
ases (NSPs), representing an advance in activity-based probe
design for this family of proteases (Fig. 2D).*® The researchers
developed a series of mixed alkyl aryl phosphonate probes that
combine selective peptide recognition sequences, electrophilic
warheads, and fluorophore-quencher pairs to achieve enzyme-
activated fluorescence. These mixed phosphonate electro-
philes, unlike traditional diphenyl phosphonates, create
a chiral phosphorus center that allows efficient quencher
release upon covalent reaction with active serine proteases. The
probes remain non-fluorescent in their quenched state but
produce a strong fluorescence signal upon enzyme-mediated
cleavage, enabling visualization of protease activity with high
spatial and temporal precision. Among the designs tested,
BODIPY-BHQ-1 probe variants exhibited over 400-fold quench-
ing efficiency and superior activation kinetics. Biochemical
assays confirmed high selectivity for neutrophil elastase,
proteinase 3, and cathepsin G, with minimal cross-reactivity or
off-target labeling in complex proteomes. In cellular studies, the
probes enabled live imaging of NETosis, showing time-
dependent increases in fluorescence that correlated with
neutrophil activation and release of granule-stored proteases.
Their membrane-impermeable nature proved advantageous,
ensuring selective detection of extracellular protease activity
associated with cellular rupture during immune responses.
Confocal microscopy validated probe colocalization with
neutrophil elastase and confirmed activity-dependent labeling
inhibited by known NSP inhibitors. Overall, these phosphonate-
based qABPs provide a powerful and selective platform for real-
time imaging of serine protease activity in living cells, with
broad potential applications in studying inflammation,
immune responses, and the development of anti-inflammatory
therapeutics.

Dual-locked fluorescent probes are advanced molecular
imaging tools that require two distinct biomarkers to activate,
greatly improving specificity and minimizing false-positive
signals. By integrating multiple recognition elements into
a single construct, they enable precise and reliable visualization

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of complex biological processes such as inflammation,
apoptosis, and immune activation; reviewed in ref. 47. Hu et al.
reported the design of DMRPyocas, @ dual-locked near-infrared
fluorescent probe that enables precise monitoring of M1
macrophage polarization in pulmonary inflammation (Fig. 3).**
The probe is engineered to require simultaneous activation by
two biomarkers: caspase-1 and nitric oxide (NO)-both of which
are highly expressed in pro-inflammatory M1 macrophages,
ensuring exceptional specificity. Structurally, DMRPnocas iS
built on a hemicyanine scaffold modified with an o-phenyl-
enediamine group as the NO-reactive site and an Ac-YVAD
peptide sequence as the caspase-1-cleavable domain, while
a hydroxypropyl-p-cyclodextrin unit facilitates renal clearance
for noninvasive urinalysis. The probe's dual-lock mechanism
operates through a twisted intramolecular charge transfer
(TICT) process, in which sequential NO reaction and caspase-1
cleavage “unlock” strong fluorescencE. Quantum chemical
analysis revealed that para-substitution on the o-phenyl-
enediamine group increased the TICT rotational barrier and
enhanced signal output, resulting in a 9-fold fluorescence
increase upon full activation. In cellular assays, DMRPyocas
exhibited 12-fold higher fluorescence in M1 macrophages than
in M2 or other immune cell types, outperforming single-locked
control probes. In an influenza A virus infection mouse model,
the probe successfully visualized macrophage dynamics in the
lungs, showing peak fluorescence 48 hours post-infection and
detectable urinary signals due to renal clearance. Treatment
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with the antiviral oseltamivir reduced both lung and urine
fluorescence, demonstrating the probe’s utility for therapeutic
response monitoring. Flow cytometry and immunofluorescence
confirmed that probe activation correlated with monocyte-
derived M1 macrophages, providing mechanistic insights into
inflammatory responses. Overall, DMRPyocas represents
a major advance in dual-responsive molecular probe design,
offering a clinically translatable, noninvasive platform for real-

time monitoring of pulmonary immune activity and
inflammation.
Another illustrative example is YH-APN, an enzyme-

activatable fluorescent probe developed by Li et al for
imaging aminopeptidase N (APN/CD13) activity in tumors.*
Designed for intraoperative fluorescence-guided surgery, the
probe combines a recognition motif based on r-alanine with
a dicyanoisophorone fluorophore that emits in the near-
infrared region, ensuring deep tissue penetration and reduced
background autofluorescence. Upon APN-mediated cleavage,
the probe undergoes a structural change in its w-electron
system, resulting in a sharp fluorescence turn-on without the
need for external quenchers (Fig. 4). YH-APN exhibits excellent
aqueous solubility (up to 100 uM), a large Stokes shift (205 nm),
and is optimized for physiological conditions (37 °C, pH 7.4).
These features translate into high imaging contrast and
minimal self-quenching. The probe successfully distinguished
APN-overexpressing cancer cells from non-cancerous cells in co-
culture assays and produced strong tumor-to-normal tissue
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confocal fluorescence microscopy images of M1 macrophage in lung slices from mice with different IAV infection times. Green: iNOS; red:
caspase-1; blue: DAPI. (C) Real-time imaging of M1 macrophage polarization in IAV-infected mice. Schematic illustration of IAV infection and
real-time imaging of the M1 macrophage. (D) Real-time imaging of mice breast; and (E) bladder with different treatments after intravenous
injection of DMRPyocas. Adapted with permission from ref. 48 Copyright 2025, American Chemical Society.
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Fig. 4 The structure and application of YH-APN probe. (A) NIR fluorescence activation of YH-APN probe via structural restoration upon APN
hydrolysis. (B) In situ spraying imaging in vivo: bright image; fluorescence image; spraying YH-APN for 30 min, then fluorescence image; the
slipped effusion removed and fluorescence image. In vitro imaging of liver tissue and normal liver tissue through spraying probe YH-APN;
statistical fluorescence intensities. (C) Image-guided resection by spraying probe YH-APN: bright image; fluorescence image; spraying YH-APN;
surgical removal of tumor; respraying YH-APN, and fluorescence image. Fluorescence imaging of mouse was gathered with an excitation filter of
475 nm and an emission filter of 655 nm. Adapted with permission from ref. 49 Copyright 2020, American Chemical Society.

contrast (up to 13.9-fold) in vivo within 30 minutes of topical
spray application. Its real-time activation enabled precise
delineation of tumor margins during surgery and the detection
of sub-millimeter metastatic lesions in the liver and spleen;
capabilities that surpass standard clinical imaging tools.
Beyond surgical guidance, YH-APN facilitated studies of cancer
cell migration and APN involvement in metastatic behavior.
Inhibition experiments with ubenimex confirmed its utility in
monitoring therapeutic responses. Additionally, ex vivo imaging
and 3D tissue reconstruction demonstrated the probe's poten-
tial for histological diagnostics and spatial mapping of enzyme
activity. While the requirement for local application currently
limits systemic use, the broad overexpression of APN across
tumor types suggests significant translational potential in
oncology.

Widen et al introduced a next-generation strategy for
improving protease probe specificity by designing AND-gate
fluorescent probes that require cleavage by multiple enzymes
for activation (Fig. 5A).>° These probes address a common
limitation of conventional single-parameter probes, namely
their low signal-to-background ratios caused by nonspecific

21180 | Chem. Sci., 2025, 16, 21174-21237

activation, tissue autofluorescence, and uneven biodistribution.
The AND-gate design features a hub-and-spoke architecture, in
which a central sulfo-Cy5 fluorophore is tethered to multiple
quenchers via orthogonally cleavable peptide linkers. Fluores-
cence is only unmasked when all quenching groups are enzy-
matically removed, ensuring that activation occurs exclusively
in regions where two or more specific proteases are co-
expressed. Initial designs suffered from linker instability,
especially in tumor lysates, which led to background activation.
This was resolved by replacing r-glutamic acid in the core
scaffold with its p-enantiomer, significantly improving resis-
tance to off-target cleavage while maintaining specific respon-
siveness. The refined probe, DEATH-CAT-2, demonstrated
strong performance in murine models of breast and lung
cancer, targeting both lysosomal cysteine cathepsins and
caspase-3. It provided superior delineation of tumor margins
during surgery, successfully highlighted small metastatic
lesions, and retained fluorescence post-fixation, making it
compatible with histological workflows. Compared to single-
substrate controls, the AND-gate probe exhibited markedly
reduced background signals in non-tumor tissues including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Design and application of AND-gate probes. (A) Structure of Death-Cat-2 ABP. (B) Structure of Death-Cat-RATIO ABP. (C) A mouse with
two breast tumors after injection with Death-Cat-2 24 h prior to imaging. The left panel shows the brightfield image; the right panel shows the
overlay between the Cy5 channel and the brightfield image. The zoom inlet shows a magnification of the tumor. The tumor closer to the camera
(areal) is located in the third mammary fat pad; the tumor further from the camera (area 2) is located in the eighth mammary fat pad. (D) A mouse
with two breast tumors injected with Death-Cat-RATIO 24 h prior to imaging. From left to right, the panels show the brightfield image, the
overlay between the Cy5 channel and the brightfield image, the overlay between the FRET channel and the brightfield image, and the overlay
between the RATIO channel and the brightfield image. The zoom inlet shows a magnification of the two tumors. The tumor closer to the camera
(area 1) is located in the third mammary fat pad; the tumor further from the camera (area 2) is located in the 8th mammary fat pad. (E) Organs
excised from mice injected with either Death-Cat-2 (left panel) or Death-Cat-RATIO (right panel). Adapted with permission from ref. 42

Copyright 2023, The Authors. Published by American Chemical Society.

liver and kidneys. Importantly, the modular design of these
probes allows for further expansion to logic systems responsive
to three or more enzymes, opening avenues for ultra-selective
diagnostics and future therapeutic applications. For example,
the platform could be adapted for targeted drug delivery, where
a cytotoxic payload is released only upon multi-protease pro-
cessing within the tumor microenvironment. Compatibility
with robotic surgery systems such as the da Vinci Xi Firefly
further supports their translational potential.

Faucher et al. advanced the design of protease-activated
imaging tools by developing ratiometric fluorescent probes to
overcome key limitations of traditional quenched single-
fluorophore systems (Fig. 5B-E).*> Conventional probes suffer
from variability caused by environmental lighting, tissue auto-
fluorescence, and camera alignment; factors that reduce tumor
visibility and increase the risk of surgical errors. To address
this, the authors replaced dye-quencher designs with FRET-
based constructs composed of two or more fluorophores,
enabling ratiometric signal generation. For example, in the
cathepsin-selective probe 6QC-RATIO, QSY-21 was replaced
with Cy7 to allow FRET with Cy5, resulting in a self-normalizing

© 2025 The Author(s). Published by the Royal Society of Chemistry

signal that improved imaging contrast regardless of lighting
conditions. In the AND-gate Death-Cat-RATIO probe, a tri-
fluorophore architecture (two sulfo-Cy7 and one sulfo-Cy5)
enabled AND-gate functionality, requiring sequential cleavage
by cathepsins and caspase-3 for signal activation. These ratio-
metric probes demonstrated improved tumor-to-background
ratios in vivo. Death-Cat-RATIO achieved a TBR of 7.23,
among the highest reported for an AND-gate probe, and out-
performed its predecessors by minimizing background signals
in healthy organs such as the liver and kidneys. The ratiometric
system also enabled accurate tumor margin delineation and
detection of small metastatic lesions, even under suboptimal
imaging conditions. Importantly, the technology was validated
using the da Vinci Xi robotic surgery platform, confirming
compatibility with clinical imaging hardware. Looking forward,
the modular architecture of these probes allows for adaptation
to additional fluorophore pairs, including future shortwave-
infrared (SWIR) formats for deeper tissue imaging. The plat-
form may also support endoscopic and multiplexed imaging
strategies, expanding its utility in oncology, inflammatory
disorders, and infectious disease diagnostics.
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Continuing their work on AND-gate imaging tools, Chen
et al. developed Cas1-Cat-Cy7, a dual-enzyme-activated fluores-
cent probe designed to selectively detect inflammasome acti-
vation by requiring sequential cleavage by both caspase-1 and
cathepsins (Fig. 6).° Traditional probes targeting caspase-1
suffer from limited selectivity, as substrate sequences like
YVAD or WEHD can be cleaved by other proteases, leading to
false positives and poor signal-to-background ratios - especially
in inflamed tissues with elevated vascular permeability or
baseline caspase activity. To overcome this, Cas1-Cat-Cy7 inte-
grates two orthogonal peptide substrates into a single molecule
using a p-glutamic acid scaffold. The caspase-1 recognition
sequence (Tyr-tert-Leu-Pro-Asp) and a cathepsin-cleavable
dipeptide (Phe-Lys) are linked to a sulfoCy5 fluorophore and
a sulfoCy7 quencher. Only when both enzymes are active is the
probe dequenched and fluorescently “turned on.” The probe
was further optimized with terminal amines that promote
lysosomal retention, enhancing signal localization. A structur-
ally similar negative control probe incorporating p-amino acids
ensured minimal background activation. In co-culture models
of macrophages and endothelial cells, the probe was selectively
activated only in the presence of inflammasome stimulation,
demonstrating its dual-enzyme specificity. In a mouse model of
LPS/ATP-induced acute inflammation, Cas1-Cat-Cy7 generated
strong localized signals peaking around 8 hours post-injection,
while the control probe remained largely inactive, confirming
the importance of dual cleavage for accurate signal generation.
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This probe offers significant advantages for studying inflam-
masome biology and evaluating anti-inflammatory therapeu-
tics. Its high specificity allows differentiation between
compounds acting on upstream activators (like caspase-1)
versus those affecting downstream inflammatory pathways.
The design is also adaptable to ratiometric formats using the
Cy5-Cy7 pair, which could further reduce variability and
enhance quantification. With future development, dual-enzyme
probes like Cas1-Cat-Cy7 may also find utility in a range of
diseases involving inflammasome dysregulation, including
autoimmune, neurodegenerative, and metabolic disorders.
Kazim et al. reported the development of quenched activity-
based probes designed to detect granzyme B (GzmB) activity in
real time as a biomarker for evaluating tumor response to
cancer immunotherapy (Fig. 7).*> Immunotherapies such as
immune checkpoint blockade and T cell-based treatments have
transformed oncology, yet only a fraction of patients benefit.
The absence of robust biomarkers to predict and monitor
therapeutic response remains a major limitation. GzmB,
a central effector protease released by cytotoxic T lymphocytes
and natural killer cells to execute cancer cell death, represents
an attractive functional readout of immune activity. Traditional
antibody-based assays lack the temporal resolution and func-
tional specificity required for dynamic monitoring, motivating
the development of molecular imaging strategies. Optimization
of the recognition element was achieved by replacing the
canonical P1 aspartic acid of the IEPD sequence with cysteic

LPS+ATP Untreated

Fig. 6 The structure and application of Casl-Cat-Cy7. (A) Structure of Casl-Cat-Cy7 ABP. (B) In vivo optical imaging of acute hindpaw
inflammation using Cas1-Cat-Cy7. Representative in vivo fluorescence images of mice that were untreated or injected with LPS + ATP in the
dorsal surface of the left hindpaw (red arrowhead). Casl-Cat-Cy7 and d-Cas1-Cat-Cy7 probes were administered intravenously, and images
were collected over an 8-hour period using a Cy5 filter on an IVIS SpectrumCT. Adapted with permission from ref. 51 Copyright 2025, The

Authors.
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The Authors.

acid, yielding superior kinetic efficiency and reduced cross-
reactivity with caspase-8. In parallel, phenyl phosphinate ester
warheads were employed in place of conventional phospho-
nates, eliminating secondary hydrolysis pathways and enabling
rapid, clean probe activation. The lead compound, Cy5-IEP-
CyaPhP-QSY21, integrates a sulfo-Cy5 fluorophore and a QSY21
quencher for efficient FRET suppression. Comprehensive in
vitro validation demonstrated highly selective labeling of active
GzmB at nanomolar concentrations, with compatibility across
human and mouse enzymes. The probe showed robust stability,
efficient quenching, and negligible background activity. In NK-
92 cells, the lead probe produced significantly higher signal-to-
noise ratios than always-on fluorogenic substrates and
successfully reported on GzmB transfer to target cancer cells
during immune synapse formation. Serum stability studies
confirmed sustained integrity, while optical properties provided
deep tissue penetration. In vivo evaluation was carried out in the
4T1 breast cancer model, which is poorly immunogenic and
considered challenging for immunotherapy studies. The probe
enabled real-time identification of therapy responders, corre-
lating high fluorescence signals with increased GzmB expres-
sion, CD8" T cell infiltration, and reduced tumor burden. The
optimal imaging window occurred within two hours of probe
administration, yielding tumor-to-background ratios exceeding
fifteen. Renal clearance was confirmed as the main elimination
pathway. This work represents the first demonstration of near-
infrared quenched activity-based probes capable of detecting
active GzmB in living systems. By combining cysteic acid-based
recognition elements with phosphinate ester warheads, the
probes achieve unprecedented selectivity and sensitivity. The
ability to identify therapy-responsive tumors within hours of
treatment initiation offers a powerful diagnostic approach for

© 2025 The Author(s). Published by the Royal Society of Chemistry

early response assessment, patient stratification, and real-time
monitoring of immunotherapy efficacy. These findings estab-
lish a foundation for clinical translation of optical probes in
precision oncology and highlight the potential of functional
immune biomarkers to transform cancer treatment strategies.

Recently Wei et al. developed fluorogenic probes for imaging
granzyme B activity during host immune responses to bacterial
infections, with a particular emphasis on a self-immobilizing
design that enhances in situ labeling (Fig. 8).* GzmB is
a central effector protease of cytotoxic T lymphocytes and
natural killer cells, capable of targeting multiple bacterial
systems, making it an attractive biomarker for studying
immune responses against drug-resistant pathogens. Three
probes were constructed on a hemicyanine near-infrared scaf-
fold, conjugated to the GzmB-specific IEPD tetrapeptide via
a self-immolative PABA linker. Among them, HCy-F was engi-
neered with a difluoromethyl substituent that generates a reac-
tive methylene quinone intermediate upon enzymatic cleavage,
enabling covalent immobilization at the site of activation. This
feature prevents rapid probe diffusion, thereby improving
retention and spatial resolution of fluorescence signals.
Synthesis proceeded through standard Fmoc-based solid-phase
peptide synthesis, PABA coupling, hemicyanine conjugation,
and DAST-mediated fluorination for the self-immobilizing
analog. Spectroscopic analysis showed that all probes were
non-fluorescent prior to cleavage, but upon GzmB activation,
they exhibited a red-shifted emission at 700 nm with up to
thirty-fold fluorescence enhancement. Selectivity testing
confirmed robust discrimination of GzmB over other proteases
and cellular metabolites. Docking studies supported the
observed high binding affinities. Cellular assays using YT
natural killer cells validated probe responsiveness, with
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Fig.8 The structure and application of substrate-based granzyme B probe. (A) Fluorescence activation mechanism in HCy-F probe. (B) Structure
of HCy-H probe. (C) Structure of HCy-CHO probe. (D) NK-YT cells cocultured with or without S. aureus RN 4220 and visualized with the probes.
(E) Retention of the probes in YT cells after washout. Adapted with permission from ref. 53 Copyright 2025 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

activation blocked by a specific GzmB inhibitor. Fluorescence
SDS-PAGE experiments highlighted the distinct advantage of
HCy-F, which retained strong signals even after washout, in
contrast to non-immobilizing controls. In bacterial co-culture
with Staphylococcus aureus, GzmB expression was significantly
upregulated, as demonstrated by western blot and ELISA, and
confocal microscopy confirmed increased probe activation in
live cells. The superior retention of HCy-F after washing further
underscored its utility for sustained and precise signal detec-
tion. Collectively, these findings establish self-immobilizing
probes as powerful tools for monitoring immune dynamics.
By integrating enzymatic selectivity with covalent retention, this
work overcomes longstanding challenges of fluorogenic probe
diffusion and clearance. The ability to visualize immune
responses with high spatial resolution opens opportunities for
diagnostic applications, immunotherapy monitoring, and
therapeutic evaluation in drug-resistant bacterial infections.
HCy-F thus represents a significant advance toward precision
medicine approaches that harness and track the immune
system's natural defense mechanisms.

The same structural motif and activation mechanism was
applied by Chen et al. in a self-immobilizing NIR probe for in
vivo imaging of FAP, a type II transmembrane serine protease
with dipeptidyl peptidase, endopeptidase, and collagenase
activities, minimally expressed in normal tissues but strongly
upregulated in most carcinomas (Fig. 9).** However, optical

21184 | Chem. Sci, 2025, 16, 21174-21237

probes developed to monitor FAP activity in vivo are limited by
rapid diffusion and clearance, leading to weak signal retention
and low contrast. Synthetic efforts produced Hey-CF,H-PG in
two steps, confirmed by NMR analysis, and a non-immobilizing
control probe lacking the difluoromethyl group Hey-PG.
Computational docking suggested favorable binding of Hcy-
CF,H-PG in the FAP active site, with close interactions to cata-
Iytic residues, while spectroscopic characterization revealed
strong fluorescence enhancement and red-shifted emission
after activation. In vitro assays showed selective activation by
FAP with negligible interference from other proteases or
biomolecules. SDS-PAGE and western blot confirmed covalent
labeling, as fluorescence persisted after repeated washing,
unlike the control probe. In HepG2 cancer cells, the probe
exhibited rapid activation, high specificity, and strong resis-
tance to washout. In tumor tissue sections and live-cell experi-
ments, fluorescence signals closely correlated with endogenous
FAP expression and were effectively suppressed by known FAP
inhibitors. Crucially, detergent treatment experiments demon-
strated that the self-immobilizing mechanism prevented fluo-
rescence loss, validating covalent retention at target sites. In
vivo imaging in HepG2 tumor-bearing mice further demon-
strated the advantages of the probe. Intratumoral administra-
tion produced strong and persistent fluorescence confined to
tumor tissue, while inhibitor pretreatment or use of the control
probe yielded weaker or transient signals. Fluorescence light

© 2025 The Author(s). Published by the Royal Society of Chemistry
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permission from ref. 54 Copyright 2024, Elsevier B.V.

imaging tomography combined with microCT confirmed
precise localization without diffusion to adjacent tissues. The
probe was well tolerated in multiple cell lines across a broad
concentration range, and biodistribution studies suggested
renal and hepatic clearance without systemic toxicity. The
development of Hey-CF,H-PG represents a significant advance
in molecular imaging by applying self-immobilization chem-
istry to overcome diffusion-related signal loss. This strategy
enables improved tumor detection, real-time monitoring of
therapeutic response, and potential guidance in surgical
resection. Beyond FAP, the self-immobilizing probe design
provides a generalizable approach for imaging other proteases
and enzymatic biomarkers where enhanced spatial resolution
and retention are essential.

2.3. Protease chemical probes in clinics

One of the most compelling success stories in the development
of enzyme-responsive probes for medical applications is VGT-
309, a quenched activity-based probe designed for intra-
operative imaging of solid tumors (Fig. 10). Developed in Bogyo
lab, VGT-309, called also abenacianine, is specifically designed
to target cathepsins in cancer imaging. The probe was derived
from its precursor, BMV109, by replacing the fluorophore and
quencher pair.*®* It incorporates FDA-approved near-infrared
ICG dye in place of far-red Cy5, enabling compatibility with

© 2025 The Author(s). Published by the Royal Society of Chemistry

multiple commercially available surgical imaging systems. QC-1
is used instead of sulfo-QSY21 to suppress fluorescence in the
inactive state. VGT-309 is an inhibitor-based probe featuring
a phenoxymethyl ketone electrophilic warhead, which cova-
lently binds to active-site cysteine residues. The probe retains
the same cathepsin recognition sequence as BMV109 (Cbz-Phe-
Lys), demonstrating binding specificity for multiple cysteine
cathepsins, including cathepsins X, B, L, and S. It operates
through a quenching mechanism in which cathepsins cova-
lently and irreversibly bind to VGT-309, displacing the QC-1
quencher. Once the quencher is removed, the ICG fluores-
cence is no longer suppressed, resulting in probe activation and
high-contrast imaging. The main biomedical application of
VGT-309 is fluorescence-guided surgery. Suurs et al. showed
that the probe enables real-time intraoperative tumor detection
as early as one hour post-injection and provides high tumor-to-
background contrast ratios in a 4T1 tumor allograft mouse
model.* The optimal imaging window extends from 2 to at least
24 hours, offering flexible timing that supports same-day
procedures. In 2022 Kennedy et al. reported the first compre-
hensive clinical translation of VGT-309, demonstrating selective
labeling of human lung cancer cell lines and effective imaging
in preclinical mouse models at 24 hours post-injection.*® A
Phase 1 safety study in 30 healthy volunteers showed that the
probe was well tolerated across a range of doses with minimal
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Fig. 10 The structure and application of VGT-309 ABP. (A) Structure of the predecessor probe BMV-109 that targets cancer-associated
cathepsins. (B) Structure of VGT-309 for intraoperative tumor imaging. (C) Intraoperative molecular imaging with VGT-309 identified pulmonary
lesions not found by standard surgical techniques. The left (large cell neuroendocrine carcinoma), middle (colorectal cancer metastasis), and
right (small B cell lymphoma) columns show 3 representative locations of clinically significant event cases. Preoperative (row 1) computed
tomography (CT) and (row 2) "8F-fluorodeoxyglucose positron emission tomography (FDG PET) imaging with lesions of interest shown with
arrows. In each case, (row 3) white light only did not identify pulmonary lesions seen by preoperative imaging. Near-infrared (NIR) imaging with
the Medtronic EleVision IR Platform identified all 3 lesions (row 4, white light with NIR heat map overlay). Adapted with permission from ref. 58
Copyright 2025, The Society of Thoracic Surgeons. Published by Elsevier Inc.

adverse events. In a canine study, VGT-309 successfully labeled
spontaneous pulmonary tumors, and two pilot human cases
confirmed its utility in detecting lesions not visible under
standard surgical lighting. Flow cytometry showed that VGT-309
labeled both tumor cells and tumor-associated macrophages,
suggesting its potential to assist in margin assessment during
surgery. In the same year Kennedy et al. evaluated VGT-309 for
esophageal cancer detection, marking the first use of a covalent
activity-based probe in this cancer type.”” The probe demon-
strated selective accumulation in esophageal cancer cells across
various histological subtypes, with strong lysosomal localiza-
tion and minimal background signal in normal tissues. In both
syngeneic and xenograft mouse models, VGT-309 achieved high
signal-to-background ratios and accurately delineated tumor
boundaries, with fluorescence abolished by a cathepsin inhib-
itor, confirming activity dependence. These results highlight
VGT-309's suitability for intraoperative guidance and endo-
scopic surveillance, supporting its broader application in
esophageal cancer resection. Another example of VGT-309
utility was provided by Bou-Samra et al. who conducted the first
study of this ABP in robotic-assisted thoracic surgery with

21186 | Chem. Sci, 2025, 16, 21174-21237

intraoperative molecular imaging (RIMI), comparing its
performance to video-assisted thoracic surgery (VIMI) in
a phase 2 trial involving 10 patients with suspicious pulmonary
lesions.*® VGT-309 enabled detection of all nodules missed by
white light alone, with RIMI and VIMI both identifying 80% of
lesions and achieving 88.9% sensitivity and 100% positive
predictive value for cathepsin activity. Fluorescence intensity
was similar between the two methods, though RIMI showed
higher variability in tumor-to-background ratios. The study
demonstrated clinical equivalence between RIMI and VIMI and
confirmed VGT-309's utility for precisely locating small sub-
pleural lesions, supporting more conservative surgical
approaches. Very recently, in 2025 Bou-Samra et al. conducted
the largest clinical study of VGT-309 to date, a phase 2 trial
involving 40 patients undergoing pulmonary resection, which
met its primary endpoint with 42.5% experiencing clinically
significant events such as tumor localization, detection of
additional cancers, or margin identification (NCT05400226).*
VGT-309 successfully localized 18 of 19 nodules missed by
standard techniques, with 15 confirmed as malignant, and
showed strong safety with only three mild adverse events

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05683g

Open Access Article. Published on 03 2025. Downloaded on 12/06/2026 19:18:58.

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

(cc)

Perspective

View Article Online

Chemical Science

A % B Hoechst FAM Overlay
l§;§(Dabcyl)KSD\/EDSK-FAM
N 1
(Dabcyl-GPLGVRG) 1h
o NH
OH " 0 0. O
o HY
HN ij,‘ﬂ % ﬂi%nz}“o a9y
HN{TO / 24h
FRET
< 3K ... By
[mp——————— | - C
I + Daboyl 1% .
: ea=» PLGVR : ?‘° Caspase-3‘ Intracellular
| ess» DEVD | ¥
| & Quenched FAM: %}N
: S Excited FAM | “@ S 24h
| Further : M-
| excited FAM _

Fig. 11 Chemical probe for MMP-2 and caspase-3 imaging. (A) The chemical structure and activation mechanism of fluorescent probe sensitive
to MMP-2 and caspase-3. (B and C) Fluorescent images of MMP-2 and caspase-3 activity in SCC-7 cells with (B) or without (C) doxorubicin
stimulation. Excitation wavelength: 488 nm. Scale bar: 40 um. Adapted with permission from ref. 60. Copyright 2015, The Authors. Published by

the Royal Society of Chemistry.

attributed to the probe. It demonstrated 85% sensitivity and
77% positive predictive value for cancer detection, with some
limitations in identifying certain adenocarcinomas and meta-
static lesions. The study validated VGT-309's effectiveness
across multiple tumor types and its compatibility with various
surgical imaging platforms, reinforcing its clinical utility for
both tumor localization and intraoperative margin assessment.
As of mid-2025, VGT-309 has completed Phase 2B VISUALIZE
trial (NCT06145048), which enrolled 89 patients across the US
and Australia and met its primary efficacy endpoint - 45% of
cases featured clinically significant surgical guidance events
such as tumor localization, margin assessment, or detection of
occult lesions. Based on these robust outcomes, the FDA gran-
ted Fast Track designation in January 2025, accelerating regu-
latory collaboration aimed at facilitating approval. The positive
Phase 2 results are expected to guide the initiation of a global
Phase 3 VISUALIZE-2 trial later in 2025. In parallel, a Phase I
investigator-initiated study is underway to evaluate VGT-309
during fluorescence-guided colonoscopy for colorectal cancer,
further expanding its application. As cathepsins are dysregu-
lated in a broad range of malignancies, including ovarian,
brain, and soft tissue cancers, VGT-309 stands out as a clinically
viable platform for enzyme-targeted surgical navigation, with
strong potential to become a standard adjunct in oncologic
procedures across diverse tumor types.

Matrix metalloproteinases (MMPs) play pivotal roles across
diverse pathological contexts, from tumor invasion to neuro-
inflammation, making them key targets for the development of
enzyme-responsive imaging probes. Recent advances in probe

© 2025 The Author(s). Published by the Royal Society of Chemistry

engineering have expanded from fluorescence-based detection
in cancer models to clinically translatable dual-modal systems
capable of monitoring inflammatory activity in neurological
disease. The following examples illustrate how rational probe
design can be tailored to distinct biological settings spanning
tumor progression and blood-brain barrier disruption through
modulation of specificity, signal activation and imaging
modality. In 2015 Li et al. developed a dual-FRET-based fluo-
rescence probe, FAM-K(GRVGLPG-Dabcyl)SDEVDSK(Dabcyl),
capable of sequentially detecting matrix metalloproteinase-2
(MMP-2) and caspase-3, marking a considerable advance in
multi-enzyme imaging technology for cancer diagnostics
(Fig. 11).°° The probe integrates two Forster resonance energy
transfer quenching systems within a single molecular scaffold,
enabling distinct yet sequential fluorescence activation corre-
sponding to extracellular and intracellular enzyme activities. Its
structure features a fluorescein (FAM) fluorophore flanked by
two Dabcyl quenchers linked via enzyme-specific peptide
substrates-PLGVR for MMP-2 and DEVD for caspase-3-arranged
to ensure maximal fluorescence suppression in the intact state.
Upon MMP-2 cleavage, one quencher is released, partially
restoring fluorescence, followed by caspase-3-mediated cleavage
of the second sequence, resulting in full activation and a strong
cumulative signal. The dual-FRET design achieved >94% fluo-
rescence quenching efficiency and demonstrated precise
temporal control, producing strong fluorescence enhancement
upon MMP-2 and combined enzyme treatment, respectively.
Enzyme specificity was confirmed through inhibitor assays, and

fluorescence intensity correlated linearly with enzyme

Chem. Sci., 2025, 16, 21174-21237 | 21187
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Fig.12 Cy5.5-MMPi tracer signal localizes at sites of perivascular cuffs and gelatinase activity in vivo. (A) Chemical probe for imaging MMP-2 and
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Near-infrared fluorescence (color-encoded) and white-light images were acquired and aligned (left). The same sections were then analyzed by
in situ zymography to detect active gelatinases and subsequently stained for pan-laminin to outline vessel borders and for CD45 to identify
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shown in (C) and (D). Scale bars: 100 um. Adapted with permission from ref. 61 Copyright 2016, American Association for the Advancement of

Science.

concentration, allowing quantitative analysis of enzyme activity.
In cellular studies, the probe effectively distinguished MMP-2-
overexpressing SCC-7 cancer cells from controls and success-
fully monitored caspase-3 activation during doxorubicin- and
UV-induced apoptosis. Real-time confocal imaging revealed
time-dependent signal increases consistent with apoptotic
progression, while high signal-to-noise ratios enabled no-wash
imaging suitable for live-cell monitoring. The probe's sequen-
tial response mirrors physiological tumor progression, where
extracellular matrix degradation by MMP-2 precedes intracel-
lular apoptosis, providing a mechanistic link between invasion
and therapy response. Overall, this dual-enzyme FRET probe
establishes a powerful and generalizable platform for multi-
biomarker imaging, offering enhanced diagnostic precision,
therapeutic monitoring capabilities, and translational potential
for personalized cancer management.

Gerwien et al. developed the first clinically translatable
chemical probes for imaging MMP-2 and MMP-9 activity in
multiple sclerosis (MS), providing a transformative approach
for monitoring blood-brain barrier (BBB) disruption and neu-
roinflammation (Fig. 12).** The researchers designed dual-

21188 | Chem. Sci., 2025, 16, 21174-21237

modal probes based on a broad-spectrum MMP inhibitor con-
taining a hydroxamic acid zinc-binding motif, enabling both
fluorescent (Cy5.5-MMPi) and radioactive (18F-MMPi) imaging
modalities. The Cy5.5-MMPi probe, featuring a pegylated
hydroxamic acid linked to a near-infrared fluorophore, allowed
deep-tissue optical imaging, while the "*F-MMPi analogue was
optimized for PET imaging with high radiochemical purity and
clinical-grade synthesis. These probes selectively bind to the
active zinc site of MMPs, with strong affinity for MMP-2 and
MMP-9, achieving highly specific and irreversible labeling of
enzyme activity without nonspecific diffusion. In experimental
autoimmune encephalomyelitis (EAE) mouse models, probe
uptake correlated with clinical severity and localized to peri-
vascular immune cell infiltrates, confirming that probe signals
directly reflected active MMP-mediated BBB breakdown.
Genetic and bone marrow chimera experiments revealed that
leukocyte-derived MMP-9 was essential for initiating BBB
penetration, with MMP-2 serving compensatory roles at later
disease stages. Translation to human MS patients demon-
strated that 18F-MMPi PET detected active inflammatory
lesions with greater sensitivity than conventional gadolinium-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhanced MRI, often identifying MMP-positive regions before
visible BBB disruption. Furthermore, signal reduction following
corticosteroid therapy confirmed the probe's capacity to
monitor treatment response and distinguish active inflamma-
tion from residual structural damage. By enabling early and
functionally specific detection of immune infiltration, MMPi-
PET provides a novel biomarker for lesion activity and disease
progression. Overall, this work establishes a pioneering
framework for enzyme-responsive neuroimaging, demon-
strating how rational chemical design and mechanism-based
targeting can yield clinically viable probes that bridge preclin-
ical discovery and precision medicine in neuroinflammatory
diseases.

2.4. Challenges in chemical probes synthesis

Efficient and modular synthesis is essential for translating
protease-targeted chemical probes into biomedical tools, espe-
cially when rapid iteration, scale-up, and structural optimiza-
tion are needed for imaging or therapeutic use. Synthetic
accessibility also determines whether a probe can transition
from academic proof-of-concept to practical clinical applica-
tion. To address these needs, Vanhoutte et al. developed a new
class of azapeptide activity-based probes targeting the SARS-
CoV-2 main protease (MP™), an essential enzyme in viral repli-
cation (Fig. 13).%> The probes feature an azapeptide backbone in
which the a-carbon of the P1 glutamine residue is replaced by
nitrogen, allowing stable resin attachment while preserving
MP™ substrate recognition. This design enabled the modular
installation of diverse cysteine-reactive warheads, including
methylfumarate, chloroacetamide, and epoxysuccinate,
through a solution-phase synthesis followed by solid-phase
peptide elongation. Structure-activity relationship studies
revealed that warhead positioning relative to the P1 site criti-
cally affects probe performance: a two-bond spacing provided
optimal alignment with the MP™ catalytic cysteine, as
confirmed by docking studies. Among the tested compounds,
probe 7d (chloroacetamide) showed the best performance, with
high sensitivity (LOD = 20 nM), strong selectivity (no cross-
reactivity with cysteine cathepsins), and antiviral activity (ECs,
= 3.25 uM). The probes enabled real-time imaging of MP™
activity in SARS-CoV-2-infected VeroE6 cells and were used to
monitor inhibition by antiviral drugs such as nirmatrelvir. Their
synthesis is fully compatible with automated peptide platforms,
supporting rapid generation of probe libraries. This flexibility

a
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not only facilitates hit-to-lead optimization but also opens
possibilities for targeting proteases in other viruses or diseases.
Beyond mechanistic studies, the approach supports diagnostic
development and therapeutic monitoring by combining
rational design with scalable and adaptable chemistry.
Marshall et al. tackled a recurring challenge in probe devel-
opment: the integration of fluorescent tags without compro-
mising peptide structure or biological performance.®
Conventional probes often rely on bulky fluorophores appended
at terminal positions, which can interfere with folding, enzy-
matic recognition, or bioavailability. To address this, the
authors developed a concise synthetic route for intrinsically
fluorescent amino acids that can be seamlessly embedded
within peptide chains. Their approach centers on a one-pot
Suzuki-Miyaura cross-coupling reaction, starting from a tyro-
sine-derived aryl nonaflate intermediate. The use of XPhos Pd
G2 catalyst, potassium phosphate as base, and water as co-
solvent under mild heating (60 °C) enabled efficient coupling
with a variety of arylboronic acids. This strategy proved robust
across a range of electron-rich, electron-poor, sterically
hindered, and heteroaromatic partners, yielding a panel of
thirteen novel biaryl amino acids with high overall efficiency.
The process avoids harsh reagents and reduces the number of
synthetic steps compared to traditional fluorescent amino acid
synthesis. One of the most promising products, compound 8,
a 4-dimethylaminobiphenyl analog, exhibited excellent photo-
physical properties, including a quantum yield of 0.73, high
brightness, and a large Stokes shift. Its fluorescence was
strongly environment-sensitive: it showed solvatochromic
behavior with red-shifted emission in polar solvents and a pH-
dependent signal loss under acidic conditions due to charge-
transfer quenching upon protonation (pK, = 5.1). These
features make it suitable for sensing applications in variable
biological microenvironments. Importantly, the synthesized
amino acids were fully compatible with solid-phase peptide
synthesis and could be incorporated into peptides without
affecting synthetic yield or purity. To demonstrate functional
utility, 81 was used as a FRET donor in a trypsin substrate, with
2,4-dinitrophenyl-Lys as the acceptor (Fig. 14). The intact
peptide displayed >90% fluorescence quenching, which was
fully reversed upon proteolytic cleavage, validating its use in
protease activity assays. This synthetic platform offers a prac-
tical solution to common limitations in fluorescent probe
design. It enables the efficient and scalable generation of
structurally minimal, tunable fluorogenic residues that can be

/\)J\ /O . //%rn\i/ﬁ\u"f';j‘n/\iwz
SSRES

alkyne handle chloroacetamide warhead

Fig. 13 The synthesis of azapeptide probe 7d. (a) (1) 20% piperidine/DMF; (2) 2-Fmoc-1-allyl-1-(3-(tert-butoxy)-3-oxopropylhydrazine-1,2-

)
dicarboxylate, HBTU, DIPEA, DMF, rt, overnight. (b
hexynoic acid - 3 h, HBTU, DIPEA, DMF, rt. (c) (1) Pd(PPh3)
TIPS/water 95/2.5/2.5, 30 min.

© 2025 The Author(s). Published by the Royal Society of Chemistry

) Repeated cycles: (1) 20% piperidine/DMF, 5 min; (2) Fmoc-Leu-OH; Fmoc-Tle-OH; or
4, PhSiHz, DCM, 30 min; (2) chloroacetyl chloride, DIPEA, DCM, rt, overnight; (3) TFA/
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Fig. 14 Example of protease IQF substrate with novel donor—acceptor pair. (A) Solid-phase peptide synthesis (SPPS) of peptide 10, followed by
enzymatic cleavage with trypsin. (B) Spectral overlap between the absorption band of 2,4-DNP-lysine (blue trace) and the emission profile of
amino acid 8l probe (red trace). (C) Fluorescence emission spectra illustrating the progressive increase in signal during trypsin-mediated cleavage
of decapeptide 10. (D) Time-dependent plot of emission intensity during enzymatic hydrolysis of decapeptide 10. The cleavage reaction was
performed using trypsin (0.01 mM) with varying peptide concentrations (0.50-2.50 mM) in MOPS buffer (20 mM, pH 7.0); n = 3. Adapted with
permission from ref. 63 Copyright 2025, The Authors. Published by the Royal Society of Chemistry.

embedded directly within enzyme substrates or protein tags.
Beyond protease probes, the method opens opportunities in
biosensor design, pH mapping, conformational studies, and
even genetic code expansion strategies, where small, environ-
mentally responsive fluorophores are highly desirable.

The synthesis of enzyme probes requires sophisticated
optimization strategies to address unique challenges in pro-
tecting group selection, purification methods, and overall
synthetic efficiency. Modern approaches leverage orthogonal
protection strategies, advanced synthesis techniques, and
streamlined purification protocols to produce high-quality
probes for enzymatic studies. J. Almaliti et al. introduced an
alternative Fmoc deprotection strategy based on palladium-
catalyzed hydrogenolysis under mildly acidic conditions
(Fig. 15).** Conventional Fmoc removal typically relies on basic
secondary amines such as piperidine, which generate free
nucleophilic amines and dibenzofulvene byproducts that can
induce unwanted side reactions. Although acid-catalyzed or
neutral hydrogenation methods have been proposed, they often
require additional quenching steps or still produce nucleophilic
intermediates, limiting their utility in late-stage peptide
synthesis. The new approach directly converts the liberated
amine into a non-nucleophilic ammonium salt, thereby pre-
venting undesired reactions with electrophilic groups during
peptide synthesis while maintaining orthogonality with Boc

21190 | Chem. Sci., 2025, 16, 21174-21237

protections. The method was optimized and applied to Fmoc-
Lys(Boc)-AOMK for the solution-phase synthesis of Z-Arg-Lys-
AOMK, completed through coupling with Boc-protected argi-
nine followed by global Boc removal using TFA. Compared with
traditional protocols, it improved both yield and purity, elimi-
nated the need for multiple chromatographic purifications, and
avoided the moisture-sensitive linkers required in earlier solid-
phase approaches. This acidic hydrogenolysis strategy also
demonstrated broad applicability. It enabled efficient Fmoc
deprotection of peptides containing a-chloroketones and facil-
itated one-pot Michael and Mannich reactions by allowing
electrophiles to be introduced directly after deprotection
without generating side products. This strategy might come
useful in the development of inhibitor-based probes selective
for trypsin-like serine proteases.

It is now well established that unnatural amino acids may
increase selectivity and metabolic stability of probes. The
synthesis of those compounds in terms of probe development
remains a challenge since such building blocks must be
orthogonally protected to be compatible with Solid-Phase
Peptide Synthesis (SPPS). G. Geylan et al. addressed this gap
between computational peptide design and practical synthesis
by building NNAA-Synth - computational tool integrating
orthogonal protection strategies, retrosynthetic prediction, and
feasibility scoring.®® Starting from a library of 9985 diverse

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 The novel Fmoc deprotection strategy by acidic dehydrogenation.

amino acids, the tool identifies reactive functional groups using
SMARTS patterns, applies systematic protection strategies to
generate 15 508 protected variants, and conducts retrosynthetic
analysis with search depths up to 15 steps. Routes are scored
using deep learning models trained on USPTO data and expert
assessments. Analysis revealed that about 70% of amino acids
required only backbone protection, while 30% needed side-
chain protection, significantly expanding molecular complexity.
Out of the generated variants, 4435 protected molecules (rep-
resenting 1692 NNAAs) were deemed synthetically infeasible.
Among feasible candidates, 40% had routes with fewer than
four reaction steps, and 20% were “solved” with all starting
materials commercially available. The expert-augmented
scoring system demonstrated strong correlation with human
evaluation and reliably categorized routes into “Good,” “Plau-
sible,” or “Bad.” Practical applications included individual
NNAA optimization, exemplified by amino acid 2G6, and inte-
gration with virtual screening in a Keap1-Nrf2 peptide study,
where 30% of computationally promising candidates were
found synthetically inaccessible. The tool represents the first
computational framework combining protection strategy
selection, retrosynthesis, and feasibility assessment for o-
amino acids, though it currently does not address SPPS-specific
issues or extend to B- and y-amino acids.

2.5. Incorporation of unnatural amino acids in the
recognition sequence

Achieving high selectivity remains one of the central challenges
in chemical probe development for proteases. Many available
probes are broadly reactive, making it difficult to distinguish
individual proteases within complex biological samples.®***
This lack of specificity not only compromises imaging precision

© 2025 The Author(s). Published by the Royal Society of Chemistry

but also limits the utility of probes in mechanistic studies, drug
discovery, and clinical diagnostics. Chemical probes targeting
exopeptidases, such as aminopeptidases or dipeptidyl pepti-
dases, are often constrained by their reliance on substrates
composed exclusively of natural amino acids.® This limitation
narrows the chemical diversity available for optimizing probe
selectivity and activity. However, incorporating a broader range
of unnatural amino acids can significantly expand the reper-
toire of substrate- and inhibitor-based probes, enabling the
development of tools with improved enzymatic selectivity and
functional performance.”” Building on earlier advances in
protease specificity profiling, the Drag laboratory has system-
atically employed both natural and unnatural amino acids to
map substrate preferences of various enzymes (Fig. 16).>””* This
approach has led to the generation of highly selective chemical
probes with enhanced catalytic efficiency and reduced off-target
activation. Using this strategy, the authors systematically
investigated the substrate preferences of S1 binding pockets
across a diverse panel of exopeptidases. These included: (i)
aminopeptidases involved in the generation of antigenic
peptides,” (ii) Plasmodium-derived aminopeptidases impli-
cated in malaria pathogenesis,””* (iii) human and bacterial
methionine aminopeptidases (MetAPs),” (iv) aminopeptidases
from Porphyromonas gingivalis,”® (v) the alanine aminopeptidase
from Neisseria meningitidis (NmAPN),”” and (vi) the leucine
aminopeptidase (LAP) from Staphylococcus aureus.”® The
approach was further extended to profiling both S1 and S2
pockets of human and malarial cathepsin C,”” as well as
malarial dipeptidyl aminopeptidases DPAP1 and DPAP3,* and
the S1-S3 subsites of CIpP proteases.®* The substrate specificity
data obtained from these studies often correlated well with
available crystallographic structures, validating the biochemical

Chem. Sci., 2025, 16, 21174-21237 | 21191
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Fig. 16 The structure of selected inhibitor-based covalent activity-based probes containing unnatural amino acids for protease activity
detection. (A) ABPs with an acyloxymethyl ketone warhead targeting lysosomal cysteine cathepsins: cathepsin B (MP-cB-2), cathepsin L (MP-
cL3), and cathepsin K (TIK16). (B) ABPs with a vinyl sulfone warhead selective for the three catalytic subunits of the 20S proteasome: 1 (WRP23-
VS), B2 (WRP89-VS2), and B5 (WRP119-VS5). (C) ABPs with a diphenylphosphonate warhead targeting neutrophil serine proteases: neutrophil
elastase (PK105), cathepsin G (PK203), proteinase 3 (PK302), and NSP4 (PK407). (D) ABPs for viral proteases: SARS-CoV-2 main protease
(BODIPY-QS5-VS) and NS3B/NS3 serine proteases from DENV2 (S_15D), ZIKV (S_13WZ), and WNV (S_14W2Z). Ahx — aminohexanoic acid linker;
PEG - polyethylene glycol (PEG4) linker; Cy3, Cy5, Cy7 — cyanine dyes 3, 5, and 7, respectively; B — biotin; QSY21 — a Cy5-quencher fluorophore.

findings and providing detailed molecular insight into enzyme-
substrate recognition. Importantly, the results enabled the
rational design and synthesis of organophosphorus-based
inhibitors and activity-based probes (ABPs) targeting MetAPs,
NmAPN, and DPAPs. These chemical tools demonstrated high
potency and selectivity, underscoring the utility of combining
positional scanning with unnatural amino acids to guide the
development of next-generation probes for functionally and
clinically relevant exopeptidases.

To develop probes for endoproteases, the Hybrid Combina-
torial Substrate Library (HyCoSuL) approach was established as
a powerful platform for peptide 