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ABSTRACT: With high efficiency, mild conditions, and rapid reaction rate, click reactions

have garnered much attention in the field of bioimaging since proposed by Sharpless et al. in
2001 (Angew. Chem., Int. Ed. 2001, 40, 2004—2021). Inspired by the regenerative pathway of
D-luciferin in fireflies, Liang et al. (Nat. Chem. 2010, 2, 54—60) raised a 2-cyanobenzothiazole
(CBT)-cysteine (Cys) click condensation reaction in 2010, which exhibits a higher second-
order reaction rate (9.19 M™' s™') and superior biocompatibility. As it has been developed in
the past decade, remarkable progress has been made in the construction of enzyme-instructed
CBT-Cys-based bioimaging probes. This review introduces the concept of the CBT-Cys click
reaction, elucidates the mechanism of the CBT-Cys click reaction, and concerns the
development progress of CBT-Cys reaction and its derived reactions [i.e., 2-cyano-6-
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hydroxyquinoline (CHQ)-Cys reaction and 2-pyrimidinecarbonitrile (PMN)-Cys reaction].

Furthermore, we give a comprehensive and up-to-date review of enzyme-instructed CBT-Cys-

Muiti.modaWity

like click reaction-based probes with significantly enhanced imaging signal and contrast for
various bioimaging modes, including fluorescence imaging, photoacoustic imaging, magnetic resonance imaging, and positron
emission tomography. In the end, we discuss the possible challenges and opportunities that may arise in the future.
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1. INTRODUCTION

Molecular imaging has became a powerful technique, which is
based on specific molecular probes and intrinsic tissue features
as the sources of images, to monitor biological processes at the
molecular and cellular levels within living organisms."” It
enables noninvasive visualization and has been extensively
applied in biomedical research and clinical disease diagnostics
(especially for early diagnosis of tumor).” The imaging quality
of molecular imaging largely relies on molecular probes.
Therefore, it is essential to construct molecular probes
possessing high sensitivity, high specificity, stability, and
good biocompatibility.” Moreover, the complex microenviron-
ments inside living organisms often challenge the selectivity
and reaction rate of probes. Hence, compared with other types
of reactions, click reactions with high selectivity and reaction
efficiency may take advantages and further show great potential
in the field of biomedical imaging.”™’

Click chemistry with high efliciency, mild conditions, and
rapid reaction rate, was first raised by Sharpless et al. in 2001.°
Among various click reactions, the copper-catalyzed azide—
alkyne cycloaddition (CuAAC) reaction shows tremendous
value in chemical synthesis without extra protecting groups and
product purification.” However, copper(I) as a biounfriendly
catalyst may induce potential biotoxicity, which limits the
further biological applications of CuAAC reaction.'”"" In order
to reduce the toxicity in this copper-catalyzed reaction,
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Bertozzi et al. developed this reaction and devised a copper-
free variant of click reaction by using substituted cyclooctyne
with strain and electron-withdrawing ability to promote the [3
+ 2] dipolar cycloaddition, thereby enhancing biocompati-
bility.'? Further, Liang et al. were inspired by the regenerative
pathway of p-luciferin in fireflies and developed a rapid and
safe click condensation reaction between 2-cyanobenzothiazole
(CBT) and cysteine (Cys) in 2010."” This reaction was named
CBT-Cys reaction and features a rapid and specific formation
of predominant cyclic dimers and a lesser extent of cyclic
oligomers by incorporating CBT with N-terminal Cys in small
molecules.'* Then, in 2011, Ye et al. used 2-cyano-6-
hydroxyquinoline (CHQ) to replace the CBT motif to
overcome the interference from endogenous Cys encountered
in CBT-Cys reactions."” Both of these two click reactions can
be easily activated by relevant stimuli within the body (e.g,
pH, reduction, or enzymes). Among these stimuli, enzymes as
ubiquitous active substances in organisms and play pivotal
roles in numerous physiological and pathological pro-
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Figure 1. Reaction mechanism and cyclization routes of CBT-Cys-like click reactions. (a) Reaction mechanism of CBT-Cys click reaction. Classical
stimuli-induced cyclization routes of CBT-Cys (b), CHQ-Cys (c), and 2-pyrimidinecarbonitrile (PMN)-Cys (d) reactions. Usually, SR,, SR;, and
SR represent the groups that are sensitive to reducing substances, and R,, R,, and R¢ are peptide sequences that can be specifically cleaved by

enzymes.

cesses.'”'” Extensive research has consistently demonstrated a
direct correlation between aberrant enzyme expression and
various diseases, thereby establishing that enzymes as widely
acknowledged crucial biomarkers for multiple ailments may
contribute to more precise molecular imaging.'® Harnessing
the potential of enzymes facilitates the development of “smart”
probes, which can offer enhanced imaging contrast compared
with conventional 9probes and thereby realize more accurate
disease diagnoses."

In recent years, CBT-Cys-like click cyclization reactions
have been widely utilized to synthesize functional probes for
catering to the molecular imaging requirements of higher
specificity and contrast. Combined with different kinds of
enzymes and their various expressions in pathological areas,
enzyme-instructed CBT-Cys-like click reaction-constructed
probes can be selectively activated at specific locations, thereby
enabling more precise and distinct molecular imaging.
Simultaneously, enzyme-instructed CBT-Cys-like click cycliza-
tion reactions can be applied to control the aggregation
statement of probes that in situ assemble or disassemble in the
abnormal locations by corresponding enzymes, thus enhancing
the contrast between diseased areas and normal tissues.
Consequently, the design and synthesis of bioimaging probes

929

employing enzyme-instructed CBT-Cys-like click reactions
hold immense significance for real-time disease monitoring and
diagnosis. Herein, we introduce the concept and reaction
mechanism of enzyme-instructed CBT-Cys-like click cycliza-
tion reactions and list their latest bioimaging applications for
various imaging modalities, including fluorescence imaging
(FLI), photoacoustic imaging (PAI), magnetic resonance
imagin§ (MRI), and positron emission tomography
(PET).”*"** Furthermore, we also discuss the potential
challenges and opportunities that may arise for these reactions
in the future. It is anticipated that this review will inspire more
designs of enzyme-instructed CBT-Cys-like click cyclization
reaction probes for enhanced bioimaging.

2. MECHANISM OF THE CBT-CYS-LIKE CLICK
REACTIONS

The CBT-Cys click reaction, as an important D-luciferin
synthesis step in fireflies, owns great biosafety and a remarkable
second-order reaction rate of 9.19 M~ s™'. The mechanism of
CBT-Cys click reaction was clarified by Liang’s group” and is
depicted in Figure la. Under physiological pH conditions, the
carbon atom on the cyano group of the CBT molecule

https://doi.org/10.1021/cbmi.3c00117
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Figure 2. (a) Schematic illustration of FL-“dual-quenched” Cy5.5-CBT-NPs preparation and cartoon representation of using CyS.5-CBT-NPs to
image the tumoricidal activity of cytotoxic T lymphocytes. (b) FL spectra of CyS5.5-CBT (10 uM, black), Cy5.5-CBT-NPs (S uM, red), and
CyS5.5-CBT-NPs (S uM) treated with 20 pM GraB (blue) or 20 pM GraB + 100 yM GraB inhibitor (green) in tris(hydroxymethyl)aminomethane
(Tris, 100 mM, pH 7.5) buffer for 4 h, ., = 675 nm, 4., = 702 nm. (c) In vivo real-time FLI of B16-OVA tumor-bearing mice pretreated with
saline (Control) or BEC (BEC treatment) for 3 days followed by intratumoral injection of 0.78 mg kg™' Cy5.5-CBT-NPs. (d) Quantification of FL
signals in (c). ***P < 0.001. Reproduced with permission from ref 41. Copyright 2022 American Chemical Society.

undergoes nucleophilic attack by the sulfur atom on the Cys,
which results in a negatively charged nitrogen atom on the
cyano group that captures a proton from the thiol group on the
Cys and further leads to the formation of an intermediate with
an enamine structure. Subsequently, the nitrogen atom on the
formed enamine accepts a proton from the amino group on the
Cys, followed by the simultaneous attack of positively charged
carbon by nitrogen atoms on the amino groups of Cys while
acquiring a third hydrogen atom from the cyano group’s
nitrogen atom. Consequently, this process generates ammonia
(NH;) as a product that is released into solution.”> This
reaction can be triggered by stimuli, such as pH, reduction, or
enzymes, and shows great potential in biomedical applications
by various controllable cyclization numbers of monomer
molecules. The most common cyclic product of CBT-Cys
reaction is cyclic dimers by intermolecular cyclization with
occasional cyclic monomers (Figure 1b) when the linker is
flexible. Conversely, when employing rigid scaffolds (i.e.,
glucose and cellulose carbohydrates), monomers readily
assemble into linear polymers.”®*’”

In 2011, Ye and co-workers made notable progress in
improving the CBT-Cys click cyclization reaction to address
the issue of undesired side reactions caused by the abundance
of endogenous free Cys in organisms.'> Through a rigorous
screening process involving multiple cyanide-substituted
aromatic compounds, they successfully identified a promising
CBT analogue known as CHQ, which exhibited an impressive
reduction in reactivity toward free Cys more than 480-fold
compared with CBT. As shown in Figure lc, the reaction
process between CHQ and Cys is similar to the CBT-Cys click
reaction. Normally, by strategically manipulating the distance
between CHQ and Cys, intramolecular cyclization can be
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induced within the noncyclic precursor, thereby leading to the
formation of cyclic products with varying sizes. Moreover, the
experiment results have proven that the CHQ-Cys cyclization
reaction between noncyclic precursors and endogenous free
Cys displayed less than 1% efficiency in cellular environments.

Additionally, Rao’s group noticed the reaction difference
between the CBT-Cys and CHQ-Cys and concluded that the
reactivity of aromatic nitriles is influenced by the electron
density of m-orbitals and the number of substituents in an
aromatic ring.”® Alkoxyl-substituted 2-pyrimidinecarbonitrile
(PMN) was selected for facilitating biocompatible intra-
molecular cyclization click reactions (Figure 1d). Because of
the lower second-order reaction rate of 0.01 M~ s™" with 1-
Cys, this PMN-Cys reaction can greatly eliminate the
interference of free Cys. Therefore, the cyano group on
aromatic structures can also react with Cys, and similar
products are obtained. This exciting discovery expands the
application range of CBT-Cys-like reactions. Importantly, the
PMN-Cys reaction promotes the CBT-Cys-like reaction to
bioorthogonal chemistry.

The class of CBT-Cys-like click reactions can address the
challenge of macrocyclic compound generation from noncyclic
precursors in vivo triggered by enzymes in the body. The
formed macrocycles with favorable solubility, lipophilicity,
metabolic stability, and bioavailability can further self-assemble
into diverse nanostructures for expanding biomedical imaging

applications.”
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3. BIOIMAGING APPLICATIONS OF
ENZYME-INSTRUCTED CBT-CYS-LIKE CLICK
CYCLIZATION REACTIONS

3.1. Fluorescence Imaging (FLI)

FLI as one of the most common bioimaging approaches mainly
depends on fluorescent dyes capable of absorbing external
excitation light energy and further emitting FL signals in the
excited state.’® FLI technique has gained widespread
applications in disease diagnosis because of its exceptional
spatiotemporal resolution and noninvasive characteristic.’**
With the rapid advancement of technology, conventional
“always-on” FL probes with weak specificity and contrast have
been replaced by smart “off-on” FL probes. These intelligent
counterparts show the FL “off” state and, once entering the
disease location, they can be cleaved by corresponding
enzymes and turn into the FL “on” state.”® This smart design
imparts enhanced contrast and heightened sensitivity during
the detection processes, thereby elevating their performances
in bioimaging.

CBT-Cys-like click cyclization reactions can be easily
conjugated with certain FL moieties to construct smart “off-
on” FL probes. Cyclized CBT-Cys-like molecules always own
strong hydrophobicity and show a tendency to aggregate into
nanostructures. On the basis of this feature, some FL
phenomenons [ie., fluorescence resonance energy transfer
(FRET) and aggregation-caused quenching (ACQ)] can be
applied to construct CBT-Cys-like FL probes for achieving
smart “off-on” bioimaging.** > Du et al. designed a biotin-
cystamine-Cys-Lys(cypate)-CBT molecule and successfully
confirmed that the cypate on the CBT-Cys-dimer can achieve
FRET effect.”” The FL of cypate could turn off through intra-
and intermolecular quenching, and thus, the formed nano-
particles can be used for enhanced photothermal therapy. For
traditional organic fluorophores composed of planar and
polycyclic 7-conjugated frameworks, ACQ_describes that they
exhibit FL quenching in high-concentration solution or
aggregation state but show high-efficiency luminescence in
dilute solution.”®*” Recent studies found the effectiveness of
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dual-quenched FL probes in significantly reducing background
signals, thereby achieving enhanced detection sensitivity.*’ Xu
et al. utilized the CBT-Cys click reaction to fabricate a dual-
quenched FL probe, Cys(StBu)-Ile-Glu-Phe-Asp-Lys(Cys.5)-
CBT termed CyS.5-CBT, for specific detection of granzyme B
(GraB) activity and for monitoring the immunotherapy effect
of cancer in vivo."' As shown in Figure 2a, in vitro reduction of
disulfide bonds initially resulted in cyclic dimeric products via
the CBT-Cys click reaction, which led to a single-quenched
effect. Subsequently, intermolecular hydrophobic interactions
and 7—rn stacking facilitated spontaneous self-assembly into
CyS5.5-CBT-NPs (NPs, nanoparticles) with “dual-quenched”
FL signals. When being internalized by tumor cells, the probe
underwent the cleavage of the Ile-Glu-Phe-Asp sequence by
GraB, which resulted in nanoparticle disassembly and FL
activation for the specific detection of GraB activity. The in
vitro FL spectra result in Figure 2b proves that Cy5.5-CBT-
NPs kept the lowest FL intensity and contributed to excellent
dual quenching. Meanwhile, with the GraB addition, the FL
could be quickly recovered. Furthermore, the in vivo real-time
FL imaging results and their quantification of FL signals are
shown in Figure 2¢,d. The FL signals reached the maximum at
16 h in the immuno-activated B16-OVA tumor-bearing black
mice by S-(2-boronoethyl)-L-cysteine hydrochloride (BEC)
injection, and the intensity was 3-fold higher than that of the
control group. By employing a dual-quenched strategy
involving in vitro CBT-Cys cyclization and self-assembly, that
study successfully developed dual-quenched probes that
facilitate highly sensitive and specific imaging of intracellular
expression levels of GraB and tumor-killing activity of cytotoxic
T lymphocytes. These findings hold significant potential for
the construction of dual-quenched Cys-CBT FL probes
processing enzyme-instructed disassembly ability.

To avoid the influence induced by ACQ, Tang and co-
workers introduced the concept of the aggregation-induced
emission (AIE) effect in 2001.*” Briefly, in diluted solutions,
specific functional groups within AIE molecules undergo
intramolecular rotation, which nonradiatively annihilates its
excited state and renders its molecule nonluminescent,™ while

https://doi.org/10.1021/cbmi.3c00117
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average fluorescence intensities of tumors (dotted circles) of the mice in (c) (mean + SD, n = S, ***P < 0.001). Reproduced with permission from

ref 55. Copyright 2022 American Chemical Society.

in aggregates of AIE molecules, neighboring molecules impede
their intramolecular rotation, whose restriction of intra-
molecular rotations can block the nonradiative pathway and
thus open up the radiative channel.**** Consequently, the
designed AIE fluorescent molecules own feeble or negligible
FL emission in diluted solutions while exhibiting robust FL
emission when presenting at high concentrations or in
aggregated states.”® The CBT-Cys-like click reactions offer a
versatile approach to cross-link molecules within the probe
precursor, which leads to the formation of diverse nanostruc-
tures. Therefore, this renders CBT-Cys-like click reactions an
ideal strategy for the design of AIE probes.”’ In 2017, Liu et al.
utilized a classical AIE molecule tetraphenylethene (TPE) to
develop an intelligent FLI probe Ac-Arg-Val-Arg-Arg-Cys-
(StBu)-Lys(TPE)-CBT [Ac-RVRR-C(StBu)-K(TPE)-CBT,
named as compound 1] (Figure 3a).*® The constituents of
this probe include an Ac-Arg-Val-Arg-Arg peptide sequence
that enhances cellular uptake and acts as a substrate recognized
by furin, a CBT group used for CBT-Cys click reaction with
disulfide Cys groups, and TPE covalently linked to a Lys side
chain amino acid exhibiting AIE property. After being cleaved
by furin and reduced by endogenous glutathione (GSH),
compound 1 transformed into a 1-Cleaved molecule with the
single AIE effect. Then, 1-Cleaved molecules could condensate
into 1-dimers and further self-assemble into 1-NPs, both of
which own dual AIE effect. The author proposed an Ac-Arg-
Val-Arg-Arg-Lys(TPE)-OH, termed 1-ctrl molecule, to con-
trast the FL enhancement of single AIE and dual AIE. The
results shown in Figure 3b demonstrated that the FL intensity
of the dual AIE effect achieved 109-fold enhancement, which
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was much higher than that of the single AIE effect (63-fold).
These results confirm the importance of using CBT-Cys to
construct dual AIE-based FL probes for enhancing FL
emission. Similarly, this innovative approach leads to an
impressive 3.4-fold FL increase in living cells compared with
the single AIE control probe 1-ctrl (Figure 3c). Overall, this
study presents the design of an intelligent dual AIE probe that
effectively harnesses the AIE characteristics of TPE for
controlled activation by furin and GSH. The utilization of
this dual AIE “intelligent” strategy holds immense potential in
the precise imaging of enzyme activity in vitro and in vivo.

In addition to utilizing the characteristics of AIE probe,
CBT-Cys-like reactions can also be used to combine with the
monomer—excimer principle to design FL probes. An excimer
is an excited-state dimer formed by the proximity of a single
excited-state monomer to the same monomer.” Excimer
activation produces a specific FL emission that is much longer
than the emission wavelength of the corresponding monomer.
This large Stokes red shift can also avoid interference from
biological background signals.so Meanwhile, because of various
wavelength emissions of excimer and monomer, this strategy
can significantly improve contrast after activation.”’ Kim and
co-workers used cysteinyl aspartate-specific proteinase-3
(caspase-3, a reliable biomarker for assessing cell apopto-
sis”>?), recognition peptide sequence (DEVD), and a
benzothiazole-based reference molecule (CV-NH,) to con-
struct an excimer-based molecular fluorescent probe Ac-
DEVD-NH-CV for the detection of caspase-3.”* Upon
enzymatic cleavage of the DEVD peptide by caspase-3, the
solubility of the obtained probe significantly decreased, which
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Figure S. (a) Proposed caspase-3/7 and reduction-controlled conversion of C-SNAF into C-SNAF-cycl through the bioorthogonal intramolecular
cyclization reaction followed by self-assembly into nanoaggregates in situ. Blue, the CHQ group; dark and light orange, amino and thiol groups of -
cysteine, respectively; yellow, thioethyl masking group; green, the capping peptide residues; red, NIR fluorophore CyS.5. (b) The fate of C-SNAF
in vivo is dependent on the tumor response to chemotherapy (Rx). After intravenous administration, C-SNAF extravasates into tumor tissue
because of its small size. In live tumor tissue that does not respond to applied chemotherapy, the pro-caspase-3 is inactive, and the DEVD capping
peptide remains intact. C-SNAF can diffuse away freely from live tumor tissue, which leads to low fluorescence. In apoptotic tumor tissue, pro-
caspase-3 is converted into active caspase-3, and C-SNAF can enter cells readily because of the compromised membrane integrity associated with
apoptosis. After DEVD cleavage by active caspase-3 and disulfide reduction, C-SNAF undergoes macrocyclization and in situ nanoaggregation,
which leads to enhanced probe retention and high fluorescence. (c) Enlarged 3D-SIM images in a 3D slice of tumor tissues. Arrows show the same
fluorescent dots observed in xy, yz, and xz panels. (d) Longitudinal fluorescence imaging with C-SNAF (S nmol) of X3 DOX-treated (top) and
saline-treated (bottom) tumor-bearing mice. Anatomical locations of the tumor and kidneys are indicated by white arrows. Mice that carry
subcutaneous HeLa tumors received either iv chemotherapy of 8 mg kg™ of DOX or saline once every 4 days for a total of three times. Two days
after the final treatment, C-SNAF (S nmol) in saline was administered iv, and whole-body fluorescence was monitored longitudinally using a
Maestro fluorescence imager. (e) The percent difference in tumor fluorescence intensity between X3 DOX and saline treatment groups over the
course of imaging for C-SNAF (blue, n = §), L-ctrl (black, n = §), and D-ctrl (red, n = S). *P < 0.0S between groups indicated by brackets. (f) A
comparison of the average tumor fluorescence intensity at 2 h after C-SNAF administration in saline-treated mice (n = 4) or after a X1 DOX or X3
DOX treatments in the same animals (n = 4). *P < 0.0S between groups indicated by brackets. All the error bars indicate standard deviation.
Reproduced with permission from ref 57. Copyright 2014 Springer Nature.

Saline x1 DOX x3 DOX

resulted in aggregation of CV-NH, residues in aqueous
solution and subsequent generation of distinctive excimer-
based molecular FL. This strategy successfully achieved high-
efficiency excimer FLI by inducing hydrophobic aggregation of
the probe. In order to further enhance the aggregation effect
and, thus, realize better FLI, CBT-Cys-like click reactions have
been considered. As it facilitates the formation of cyclic dimers
within the probe molecules, the CBT-Cys click cyclization
reaction may be an optimal strategy for generating fluorescent

chromophores in excimer FL probes. Taking advantage of this
characteristic, Gao et al. developed a “smart” fluorescent probe
Cbz-Gly-Pro-Cys(StBu)-Lys(coumarin)-CBT [Cbz-GPC-
(StBu)K(Cou)-CBT] for tumor imaging (Figure 4a).>® The
Cbz-GP peptide sequence within the probe can be enzymati-
cally cleaved by fibroblast activation protein a (FAP-a),*®
which results in the generation of C(StBu)K(Cou)-CBT.
Subsequently, the reduction of disulfide bonds facilitated by
GSH triggers a CBT-Cys click reaction, thereby leading to the
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Figure 6. (a) CTSB-triggered self-assembly of Cypate-CBT-NPs for PA imaging of CTSB activity in vitro and in vivo. (b) First row: PA images of
MDA-MB-231 cells incubated with 20 uM Cypate-CBT for 1, 2, 4, 8, 12, or 24 h, respectively. Middle row: preincubated with 150 uM CA-074-Me
for 2 h, then followed by 20 uM Cypate-CBT for 1, 2, 4, 8, 12, or 24 h, respectively. Bottom row: incubated with Cypate for 1, 2, 4, 8, 12, or 24 h,
respectively. MDA-MB-231 cells were detached from culture dishes with trypsin digestion solution after respective incubation and suspended in a
serum-free medium with 0.5 wt % agarose gel for detection. (c) Quantified PA intensity of (b). The error bars represent the standard deviation
from three separate measurements. Wavelength: 800 nm. (d) Time course PA images of nude mice bearing a MDA-MB-231 tumor after the
intratumoral injection of 40 uL of 200 uM Cypate-CBT (the first row); intratumoral injection of 20 uL of 40 mM CA-074-Me, followed by 40 uL
of 200 uM Cypate-CBT 0.5 h later (the middle row); intratumoral injection of 40 uL of 200 uM Cypate (the bottom row). The images were
acquired at 0.5, 1, 2, 4, 8, 12, or 24 h. (e) Average PA intensity in (d). The error bars represent the standard deviation from three separate
measurements. Wavelength: 800 nm. Reproduced with permission from ref 70. Copyright 2021 Wiley-VCH GmbH.

formation of cyclic Cou-CBT-dimers. Then, these dimers self-
assemble into Cou-CBT-NPs through z—n stacking inter-
actions. As shown in Figure 4b, the unactivated probe
displayed a standard Cou monomer FL emission peak at 475
nm. Then, upon FAP-a and reduced substance addition, Cbz-
GPC(StBu)K(Cou)-CBT molecules were cleaved and further
assembled into Cou-CBT-NPs, which showed a notable red
shift toward a maximum emission wavelength of 550 nm in
vitro. Remarkable specificity and minimal cytotoxic effects were
observed during in vitro experiments conducted using this
probe. Moreover, in vivo imaging studies revealed significantly
elevated levels (22-fold increase) of FL intensity at tumor sites
compared with control groups (Figure 4c,d). To summarize,
the investigation successfully used CBT-Cys reaction to devise
an enzyme-activated excimer-based fluorescent probe capable
of achieving highly contrasting tumor imaging and exhibited
exceptional biocompatibility and potential for effective tumor
accumulation, which may offer invaluable insights for clinical
diagnosis of FAP-a-associated disorders.

Similarly, CHQ-Cys-based macrocyclic structures are widely
applied to FLI. Ye and co-workers synthesized a caspase-3/7-
activatable CHQ-Cys-based near-infrared fluorescent probe
(C-SNAF) to monitor tumor treatment in vivo (Figure 5a).”’
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C-SNAF comprises multiple components: (1) a CHQ_and p-
Cys moiety for click reaction, along with an amino-fluorescein
scaffold for linkage; (2) a DEVD sequence recognized and
cleaved by caspase-3/7; and (3) a CyS.S fluorophore that emits
near-infrared (NIR) fluorescence. Figure Sb illustrates the fate
of C-SNAF in the body. After intravenous injection, the probe
efficiently can penetrate tumor tissue. Through the combined
action of GSH and caspase-3/7, the amino group of N-
terminal D-Cys becomes exposed to the thiol groups, thereby
leading to its reaction with CHQ and subsequent intra-
molecular cyclization. This process results in the formation of a
hydrophobic and rigid macrocyclic compound known as C-
SNAF-cycl. The inherent properties of this compound
promote molecular aggregation, which facilitates self-assembly
into nanoparticles that significantly enhance the retention time
of probes within apoptotic cells. The nanoaggregates with
~141 nm diameter could be clearly observed in ex vivo tumor
tissue (Figure Sc). As shown in Figure Sd, C-SNAF showed an
excellent tumor retention effect and could reflect the tumor
treatment stage in the doxorubicin (DOX, a classical
chemotherapeutic drug®®)-treated human cervical carcinoma
cell (HeLa) tumor-bearing mice. In comparison with C-SNAF,
its unassemblable control (L-ctrl and D-ctrl) exhibited a lower
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FL intensity in vivo (Figure Se). Finally, animal experiments
unequivocally demonstrated that this responsive probe
exhibited an augmented DOX-dosage-proportional FL inten-
sity (Figure Sf). Notably, the maximum FL signal closely
correlates with changes in tumor size. Consequently, this probe
can effectively monitor the response of tumor treatment in vivo
and facilitate high-contrast imaging to detect changes in tumor
treatment response.

Otherwise, to further develop the specificity of CBT-Cys-like
click cyclization reaction-based probes, Rao’s team devised a
proteinase activity pretargeted imaging strategy by integrating
two distinct bioorthogonal click reactions (ie, PMN-Cys
reaction and inverse electron demand Diels—Alder reaction).””
The precursor probe trans-cyclooctene (TCO)-C-SNAT4 is
linked at the N-terminus to the DEVD sequence, which can be
selectively activated by caspase-3/7. Upon activation, the
precursor probe undergoes a CBT-Cys-like click condensation
reaction to induce intramolecular cyclization and subsequently
self-assemble in situ into nanoparticles. Following a 30 min
injection of TCO-C-SNAT4, Tz-Cy5 with a tetrazine structure
was administered, thereby enabling Diels—Alder reaction (Tz-
TCO) with the trans-cyclooctene on TCO-C-SNAT4 to
accomplish enzyme activity pretargeted CBT-Cys-like click
imaging.

3.2. Photoacoustic Imaging (PAI)

PAI represents a promising modality that synergistically
integrates the outstanding contrast capabilities of optical
imaging with the impressive spatial resolution offered by
ultrasound.®”®"  Compared with photons, sound waves
demonstrate diminished scattering properties within tissues,
thereby facilitating deeper penetration into biological struc-
tures beyond what can be achieved through conventional FL
techniques.”” This rapidly evolving approach has experienced
notable progress in the development of diverse probes for
effective cancer detection and therapeutic monitoring.**~*
Previous research has demonstrated that PA signals display
aggregation-induced enhancement effects, thereby enabling
assembled aggregated PA probes to exhibit enhanced perform-
ance in PAL’"°*" Gao’s team successfully used gold
nanoparticles to confirm this perspective.”® By engineering a
light-cross-linked gold nanoparticle, the obtained aggregation
exhibited remarkable potential for advancing the fields of PAI
and photothermal therapy. Although gold nanomaterials hold
potential advantages, their safety profile within the human
body remains uncertain.’”” As a consequence, researchers have
shifted their attention toward organic self-assembled PA
probes as a more secure alternative to address this concern.
Recently, Wang et al. developed a PAI probe Val-Cit-
Cys(SEt)-Lys(Cypate)-CBT (Cypate-CBT) for specific in
vivo detection of cathepsin B (CTSB) activity (Figure 6a).”’
Upon activation of cellular CTSB, this probe undergoes
intermolecular CBT-Cys click reaction to form cyclic dimers,
followed by self-assembly of Cypate-CBT-dimers through
7—n stacking to result in the formation of Cypate-CBT-NPs.
Throughout this process, the FL of the probe can be quenched
because of the ACQ effect, while the probe’s PA signal
intensifies with NIR FL quenching. In cellular (Figure 6b,c)
and animal experiments (Figure 6d,e), the PA signal of this
probe exhibited a remarkable enhancement by 4.9-fold and
4.7-fold, respectively, along with significantly increased
accumulation and retention time at tumor sites. In conclusion,
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this intelligent probe demonstrates promising prospects for
application in PAI of overexpressed CTSB in tumors.

Similarly, to image apoptotic regions of tumors in vivo for
early tumor efficacy assessment, Ye’s group originally designed
a CHQ-Cys-based caspase-3-responsive self-assembled PA
probe.”" The probe was named 1-RGD, which was composed
of CHQ and p-Cys residues, the caspase-3 cleaved sequence
DEVD, the NIR dye indocyanine green (ICG), and a cyclic
peptide that increases the tumor-targeting a,f; integrin
receptor (c-RGD). After the probe was internalized by cells,
the amino and sulfhydryl groups of D-Cys were exposed under
the action of intracellular GSH and caspase-3 and reacted with
the CHQ_group, which led to intramolecular cyclization. The
cyclization products further self-assembled to form nano-
particles because of hydrophobic interaction and 7—7 stacking.
Because of the ACQ effect, the FL intensity of ICG was
weakened and the PA signal was enhanced. In vivo imaging
results showed the PA signal value of 1-RGD in DOX-treated
tumors reached its maximum value at 10 h, and it was the
highest one compared with other treatments. Finally, the
authors proved that the PA intensities of 1-RGD in tumors
were correlated with DOX dose. In short, this smart self-
assembling probe can be used to detect the apoptosis of tumor
cells to realize the early evaluation of tumor therapeutic
efficacy.”” The CBT-Cys-like click cyclization reactions provide
design ideas for other PA probes.

3.3. Magnetic Resonance Imaging (MRI)

MRI is an imaging technique that uses the principle of nuclear
magnetic resonance (NMR) to map the internal structure of an
object by detecting electroma%netic waves emitted by an
external gradient magnetic field. * 1t is a noninvasive imaging
modality renowned for its exceptional spatial resolution and
penetration, which renders it an optimal choice for clinical
diagnosis and monitoring of diverse diseases (e.g., cancer and
heart disease).””””> However, because of its relatively lower
sensitivity, the utilization of contrast agents is often necessary
to augment its performance.”® Commonly employed contrast
agents can be categorized into longitudinal (spin—lattice)
relaxation agents (T, agents) and transverse (spin—spin)
relaxation agents (T2 agents).77 T)-type contrast agents (e.g.,
Mn®>" and Gd*") intensify the magnetic resonance signal,
thereby resulting in enhanced brightness within the target
Conversely, T,-type contrast agents, like super-
paramagnetic iron oxide (SPIO) particles, significantly
abbreviate the transverse relaxation time, which leads to
darker lesion areas.”” A common approach for enhancing the
MRI signal is to control the aggregation state of MRI agents.
Hence, researchers have proposed the utilization of self-
assembled nanomaterials incorporating MRI agents.”® For
example, Hu and co-workers successfully integrated Gd** into
the self-assembling peptide Nap-GFFYGRGD, thereby induc-
ing the formation of supramolecular hydrogels.”' This complex
comprising Gd** and peptides significantly enhances T}-
weighted MRI performance. Meanwhile, this self-assembly
strategy also addresses the problem of a limited duration of
body retention for small molecule probes containing Gd**.
Inspired by this work, enzyme-instructed CBT-Cys-like
reaction-constructed MRI nanoparticle probes may show
greater potential in MRI depending on their stronger assembly
ability.

For T,-weighted MRI, Xu et al. have successfully developed
a T,-weighted MRI probe, DEVDCs-Gd-CBT, which can

78
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Figure 7. (a) Chemical structures for the probe DEVDCg-Gd-CBT, which responds to caspase-3 to form Gd-NPs under a reduction condition,
and schematic illustration of DEVDCg-Gd-CBT for enhanced T-weighted MRI of apoptosis in zebrafish. (b) T;-weighted MR images of zebrafish
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Figure 8. (a) The chemical structures of probe C-SNAM (2) and its control probe 2-ctrl and the proposed chemical conversions following
disulfide reduction and caspase-3/7-triggered DEVD peptide cleavage. (b) Representative T,-weighted MR images (1 T) of HeLa tumors prior to
(baseline) or following treatment with DOX (treated). Images were obtained before (precontrast) and 40 and 120 min after iv injection of 0.1
mmol kg™' of 2 or 2-ctrl. The average longitudinal % signal enhancement (% SE) is represented in baseline (@) and treated (O) tumors after iv
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the tumor SI in the precontrast (t = 0) data set. *P < 0.0S. Error bars are standard deviations. Reproduced with permission from ref 83. Copyright
2014 Royal Society of Chemistry.

utilize the CBT-Cys click reaction to enhance cellular caspase-3/7 and GSH. The cyclized product then self-

apoptosis imaging and further analyze the tail-amputated assembles into GANPs. Notably, the longitudinal relaxivity
zebrafish.*> As shown in Figure 7a, upon intracellular cleavage (r,) of these Gd** nanoparticles was approximately 86%, which
by caspase-3 and reduction by GSH, the probe can undergo was higher than that observed with 2 alone. In comparison
the CBT-Cys click reaction, thereby leading to the formation with control probes, only molecule 2 demonstrates significantly
of a cyclic dimer and subsequent self-assembly into Gd** increased longitudinal relaxation enhancement and prolonged
nanoparticles. In vivo experiments have convincingly demon- retention time specifically within apoptotic tumors (Figure
strated significant amplification of T-weighted MRI signals of 8b). These findings highlight the potential utility of employing
DEVDC,-Gd-CBT in apoptosis-activated zebrafish by tail- the CBT-Cys-like click reaction-mediated intramolecular
amputated treatment (Figure 7b). This probe exhibits cyclization and in situ self-assembly as a general design strategy
promising potential for MRI of diseases associated with for developing MRI probes capable of assessing enzyme
apoptosis, thereby highlighting its clinical relevance and activity in vivo.
significance in disease diagnosis and monitoring. Similarly, Compared with T; MRI probes based on Gd**, SPIO-based
CHQ-Cys click cyclization reaction can also be applied to T, MRI probes exhibit superior biocompatibility and safety
enhanced T'-weighted MRI. Rao’s team devised a caspase-3/7- profiles, thereby rendering them a preferred choice for MRL**
responsive MRI probe (denoted as C-SNAM, 2) in Fi%ure 8a Yuan and co-workers developed a CBT-Cys-based aggregable
for effectively monitoring tumor cell apoptosis in mice.” Upon probe for enhanced T,-weighted MRL® As shown in Figure
intravenous injection of C-SNAM, the probe undergoes an 9a, they synthesized a small molecule Ac-Asp-Glu-Val-Asp-
intramolecular cyclization reaction triggered by the response of Cys(StBu)-Lys-CBT (3) that could be specifically recognized
106 https://doi.org/10.1021/cbmi.3c00117
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Figure 9. (a) Chemical structures of 3 and 3-Scr and schematic illustration of intracellular caspase-3/7-instructed aggregation of Fe;0,@3 NPs.
(b) In vivo T,-weighted coronal MR images of Fe;0,@3 NPs-injected saline-treated mice, Fe;O,@3 NPs-injected DOX-treated mice, Fe;0,@3-
Scr NPs-injected saline-treated mice, and Fe;O,@3-Scr NPs-injected DOX-treated mice at 0 h (left) or 3 h postinjection (right). Injection dose:
9.8 mg Fe kg™'. Tumors in the mice were marked with false color to show the significant difference in MR signal intensity. Reproduced with

permission from ref 85. Copyright 2016 American Chemical Society.

by caspase-3/7 and covalently modified with ultrasmall SPIO
nanoparticles to fabricate monodisperse Fe;O,@3 NPs.
Meanwhile, Ac-Lys-Asp-Glu-Asp-Val-Cys(StBu)-CBT (3-Scr)
was set as a scramble control. Upon interaction with caspase-
3/7 and GSH in cells, the CBT-Cys click condensation
reaction takes place, which results in the formation of cyclic
dimers while cross-linking Fe;O,@3 NPs, thereby trans-
forming them into aggregates with higher transverse relaxivity
(ry) value. Figure 9b shows the T, tumor-to-muscle contrast
(T/M) ratio with various treatment. The imaging results
demonstrate that the change of T/M ratios in apoptotic
tumors of human hepatocellular carcinoma (HepG2) cell-
bearing mice with Fe;O,@3 NPs injection was much larger
than that in normal tumors, while the Fe;O,@3-Scr NPs could
not induce any change between the normal and apoptotic
tumor tissues. Thus, this probe showed enhanced T, imaging
and held great promise for clinical MRI applications aimed at
monitoring the efficiency of chemotherapy. Similarly, Wang et
al. developed and synthesized Ac-Arg-Val-Arg-Arg-Cys(StBu)-
Lys-CBT to conjugate with monodispersed carboxyl-decorated
SPIO NPs to form SPIO@INPs with exceptional r, value.*®
Compared with traditional SPIO nanoparticles, their SPIO@
INP could specifically realize enzyme-instructed intracellular
CBT-Cys-based aggregation in tumor areas and further
facilitate precise MRI T,-imaging-guided photothermal ther-
apy. On the basis of these MRI progresses, the enzyme-
instructed CBT-Cys-like reaction technique is useful for the
rational synthesis of MRI probes for use in the fields of tumor
diagnosis and treatment.

3.4. Positron Emission Tomography (PET)

PET is a nuclear imaging technique extensively employed in
clinical disease detection because of its exceptional sensitivity
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and tissue penetration capabilities.”” PET imaging necessitates
the utilization of positron-emitting radioactive isotopes for
labeling probes with commonly utilized radiotracers encom-
passing B8R $4Cuy, %Ga, and ¥Zr.% Among these options, 8E
exhibits superior spatial resolution because of its low positron
energy levels. Additionally, the physical half-life of '°F is 110
min, which can prolong in vivo monitoring time compared with
other PET radiotracers, thereby establishing it as the most
widely adopted PET radiotracer within clinical practice.”””°
Unlike FLI, radioactive probes cannot be influenced by the
ACQ_effect. Consequently, in situ aggregation can effectively
enhance their radioactive signal and facilitate high-contrast
PET imaging. On the basis of CBT-Cys click reaction, Lin et
al. developed an intelligent tracking probe for precise detection
of biotin receptor-positive tumors.” This probe can specifically
bind to the biotin receptor on the surface of the cell membrane
and be internalized through biotin receptor-mediated
endocytosis. Upon intracellular reduction by GSH, it initiates
the CBT-Cys click reaction, forms hydrophobic cyclized
dimers, and further assembles into nanoparticles. MicroPET
imaging results exhibited higher tissue uptake, improved
imaging contrast, and prolonged tumor retention time of this
probe. Further, on the basis of the CBT-Cys click reaction, Lin
et al. ingeniously designed a bioorthogonal reaction scaffold
(SF) through meticulous adjustments in the aromaticity and
length of the connecting group between CBT and Cys.”” This
innovative scaffold effectively mitigates the competition posed
by free Cys within cells, thereby enabling enhanced efficiency
of the probe in situ self-assembly and improving imaging
performance. On the basis of the scaffold SF, the authors
synthesized two PET imaging probes, ["*F]SF-DEVD (Figure
10a) and ["®F]SF-Glu (Figure 10e), capable of monitoring

https://doi.org/10.1021/cbmi.3c00117
Chem. Biomed. Imaging 2024, 2, 98—116


https://pubs.acs.org/doi/10.1021/cbmi.3c00117?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00117?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00117?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00117?fig=fig9&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical & Biomedical Imaging

pubs.acs.org/ChemBiolmaging

Review

a

I
Z II\

» T
‘@ () DpEvp
J \_'(('\\ ({7 ,\l J-'\,\Y\\"

o

o

Caspase-3
H

"N g 0 GS
O Nl Actlvatlon N & NPs —-G3-
S,
§ AN HCF N OO0 Cyclization " Cyclization  © ‘" Self assembly % 459 4 .
S 0 COOH LY -0N:
j)k,l\lY( o n\ %% <
N NH, 18 JNH [P NPs % . v |
= o S i ”v‘ % Cyclization
SF N\ l|\—<‘ ” TIJ\/ Z y

e’
HOC u

DOX-untreated

Tumor Cell

Q.

-
@

[«—{"F)SF-DEVD in DOX-untreated tumor
L] &
["’F]SF-DEVD ['BF]SF-DEVD ['SF]SF-DEVD + SF-DEVD —El 15 —.—{: F]SF-DEVD in DOX-treated tumor
B e | 5F]SF-DEVD/SF-DEVD in DOX-treated tumor
= o Q 124 ® Tumor
s ERAN % s Hiicdls
S x 9
© S
<%
S 64
) E
; -
a o (o O0%DmL 0 S il . il
® ¢ . i . . . 0 10 20 30 40 50 60
- 10 min 30 min 60 min 10 min 30 min 60 min Time /min
4
) ° - U8? - NCLH1299
) I L . + »
| 3 34 ; , d l
8 |/ : .oe
HN o 2/
O NH \@\ > 3 }
\) S () Glu Activation O3\ ( \@ “a H i 1
! CN & - @, s +
S (i) N oK Cyclization N = 14
A NN B 0 n e =
N NI )" NS ® |
1] 0 : N o (
SF mF”Fc oL
[FISF- 0 60 120 180 240
h Time /min
NCI-H1299 us7 . — r‘:?::-g:u in :g-mzss w Tumor
« "*FISF-Glu in ® Muscle
['*FISF-Glu [*FISF-Glu+SF-Glu e n ;5‘12 « (*FISF-GIu+SF-Glu in U87
- £ 9 —t——a—d
3 ~ g . =
G x 43
. A 86
. < S * { t { }
3 . $ 3 RS
- 7] s e
[ g — 2
2 L C 3 & ow%DmL F ool o HERE
o 30min 60 min 10min  30min 60 min 10min  30min 60 min 0 10 20 30 40 50 60
— Time / min

Figure 10. (a) Synthesis and chemical structure of probe ["*F]SF-DEVD and proposed possible self-assembly mechanism of the probe. (b)
Proposed action mechanism of ['*F]SE-DEVD for detecting caspase-3 activity in tumor cells. (c) Transversal and coronal PET images of HeLa-
tumor-bearing mice from 10 to 60 min. (d) Time course of tumor and muscle uptake of ["*F]SF-DEVD in the mice with or without DOX
treatment. (e) Synthesis and chemical structure of tracer [**F]SF-Glu. (f) Cellular uptake assay of probe ['*F]SF-Glu in U87 and NCI-H1299
cells. (g) Transversal and coronal PET images of U87- and NCI-H1299-tumor-bearing mice from 10 to 60 min. (h) Time course of tumor and
muscle uptake of ["*F]SF-Glu in U87- and NCI-H1299-tumor-bearing mice (n = 3). ***P < 0.001. Reproduced with permission from ref 92.

Copyright 2022 American Chemical Society.

caspase-3 and y-glutamyl transpeptidase (GGT) activity,
respectively. Figure 10b shows the fate of ['*F]SF-DEVD in
the cells. As shown in Figure 10c, the in vivo ['*F]SF-DEVD
radioactive signal intensity of the DOX-treated HeLa tumor-
bearing mice was stronger than that of the DOX-untreated
one. Further, coinjection with nonradioactive probes (SE-
DEVD) significantly prolonged the retention of the ['*F]SF-
DEVD probes at the tumor site. In Figure 10d, the tumor drug
uptake of DOX-treated tumors in the coinjection group
increased 2.85-fold compared with the ['*F]SF-DEVD
injection group at 60 min. However, ['*F]SF-Glu showed
more uptake in human malignant glioblastoma (U87) cells
than in human nonsmall-cell lung cancer (NCI-H1299) cells
because of the higher GGT expression (Figure 10f), which
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suggested that ['®F]SF-Glu can selectively accumulate in
tumor cells with high GGT expression. MicroPET scanning
results in Figure 10gh further confirmed that the ['*F]SF-Glu
radioactive signal of U87 tumor-bearing mice reached its
maximum signal at 10 min, and this signal strength in the
coinjection group could be extended to 60 min, while
throughout the process, NCI-H1299 tumor-bearing mice
showed little visible radioactive signal. In summary, in
comparison with the control group, both of the two probes
exhibited enhanced tumor accumulation and contrast, which
may contribute to accurately measuring the activity of enzymes
in the body. Hence, this smart scaffold SF demonstrates its
potential as a versatile molecular framework for developing
other enzyme-responsive imaging probes. It greatly increases
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arrowheads indicate the tumors identified from the CT images. NCI-H460 tumor-bearing mice were imaged at 24 h following the last dose of
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implantation. (f) Representative axial and sagittal PET images were acquired at 60 min postinjection of ['*F]-C-SNAT4. Yellow arrowheads
indicate the tumors identified from the CT images. (g) Time—activity curve (TAC) for dynamic update of ['®F]-C-SNAT4 in CT26 tumors. Data
are mean + SD, ***P < 0.001 (general linear model repeated measures), n = 4 for each group. (h) Ex vivo evaluation of caspase-3 activity by
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the application of CBT-Cys-like click reactions in the field of authors further evaluated the potential of ['*F]C-SNAT4 for

imaging. imaging tumor responses to checkpoint inhibitor immuno-
Additionally, Rao’s team successfully synthesized a '*F therapy. The steps of establishing an immune-checkpoint-
labeled caspase-3-sensitive PET probe ['®F]C-SNAT to trace inhibited mouse model are shown in Figure 1le. After the
the caspase-3 activity.”” Following treatment with DOX in intravenous administration of probes, a notable radioactive
HeLa tumor-bearing mice, apoptosis occurred in tumor cells signal was observed at the tumor site in the treated responder
leading to a significant upregulation of caspase-3 expression. group, whereas little uptake of the probe was detected in both
Consequently, the probe becomes activated and undergoes a the untreated group and the nonresponder group (Figure
CHQ-Cys click reaction, which results in the formation of a 11fg). In ex vivo immunofluorescence analysis, the treated
macrocyclic compound. These macrocyclic products subse- responder had the highest cleaved caspase-3 activity in
quently assemble into nanoparticles that not only prolong the comparison with the nonresponder and untreated group
retention time of the probe within tumors but also enhance (Figure 11h). In addition, only in the treated responder
PET signal intensity. Next, Rao’s team successfully synthesized group could the tumor size be completely suppressed (Figure
another PET probe ['*F]C-SNAT4 that exhibits a response to 11i). All these results indicate that ['*F]C-SNAT4 can be used
caspase-3 through the PMN-Cys click cyclization reaction to distinguish responders from nonresponders in immunother-
(Figure 11a).”* This probe undergoes cyclization after apy. This PMN-CBT-based probe shows remarkable potential
intracellular caspase-3 activation and then forms nano- for clinical applications because of its commendable serum
aggregates through hydrophobic interactions. The probe stability, exceptional selectivity toward apoptotic cells, and
exhibited excellent in vivo PET imaging performance for superior T/M ratio.
monitoring cisplatin-induced chemotherapy effects, as depicted In addition to '*F, other metallic radiopharmaceuticals, such
in Figure 11b,c. It demonstrated rapid accumulation of ['*F]C- as %Ga, are increasingly utilized in PET imaging because of
SNAT4 in the tumor, thereby achieving maximum signal their ability to be generated via generators, thereby eliminating
intensity within a short duration. Furthermore, the radioactive the necessity for cyclotrons and rendering them easily
signal of ['"®F]C-SNAT4 displayed a positive correlation with accessible and more cost-effective.”” Wang et al. devised a

cisplatin dose and exhibited prolonged residence time within tumor furin-activated PET probe Acetyl-Arg-Val-Arg-Arg-
the tumor (Figure 11d). On the basis of this discovery, the Cys(StBu)-Lys(DOTA-%Ga)-CBT (CBT-**Ga).”® As shown
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Figure 12. (a) Schematic illustrations of furin-guided Ga nanoparticles formation. After reduction and furin cleavage, CBT-Ga is subjected to the
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illustrations are also present of furin-controlled condensation of CBT-**Ga and CBT-Ga to yield hybrid oligomers, which self-assemble into
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(top) or 5—12 MBq of CBT-**Ga (bottom) via tail veins. White dashed ellipses indicate the tumors. (c) Time course uptake of CBT-**Ga in heart,
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each group]. (d) Time course bar graphs of the tumor/liver ratios in part (c). Reproduced with permission from ref 96. Copyright 2019 American

Chemical Society.

in Figure 12a, after the cleavage by the furin, the probe
undergoes a CBT-Cys click condensation reaction, which
results in the formation of cyclic oligomers (dimers or trimers)
that subsequently self-assemble into nanoparticles. Non-
radiocompound (CBT-Ga) can be coinjected with
CBT-**Ga to ensure that the probe CBT-**Ga can better
self-assemble in the tumor. Compared with CBT-**Ga
injection alone, the coinjection group showed higher tumor
uptake, which enabled clear tumor imaging, lower liver uptake
and retention, and improved imaging contrast (Figure 12b,c).
It also showed a higher tumor—Tliver ratio (Figure 12d). Hence,
the CBT-Cys-like reaction can also be used to enhance Ga-
based PET bioimaging, and combined with the corresponding
nonradiocompound, the CBT-Cys-like-based PET probe may
thus provide stronger contrast information in the region of
interest. All in all, we wish that more and more other PET
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radiotracers could be employed to construct CBT-Cys-like
probes for enhanced PET imaging.

3.5. Multimodality Imaging

Multimodality imaging combines two or more imaging
modalities and produces more imaging details than conven-
tional single-modal imaging,97 which have received extensive
attention and applications.”® Through integrating various
imaging agents, CBT-Cys-like reaction-constructed probes
have shown a wonderful bimodal imaging effect in various
applications. Ye’s team used IR-780 (a NIR FL and PA probe)
as a scaffold to conjugate the CHQ, Cys, and DOTA-Gd for
the construction of a smart PA/MRI bimodal probe Gd-IR780
for the apoptosis imaging of tumor cells (Figure 13a).”” This
Gd-IR780 probe comprises IR780 and DOTA-Gd chelate,
which enables the simultaneous acquisition of PA and MRI
signals. In apoptotic tumor cells, Gd-IR780 could be activated
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by caspase-3 and GSH, thereby leading to intramolecular properties. Meanwhile, nanoparticle formation also extended
cyclization and the formation of a macrocyclic compound Gd- the retention time of the probe within tumors. In vivo
IR780-MC. Subsequently, Gd-IR780-MC would self-assemble experimental results in Figure 13b showed that the apoptosis-
and further aggregate as Gd-IR780-NPs. This aggregation activated smart probe Gd-IR780 could simultaneously amplify
process induces FL quenching and enhances PA signal while PA signals (approximately 4.3-fold) and T;-weighted MRI
restricting molecular rotation for improved r, relaxation signals (around 2.5-fold), thereby enabling high sensitivity and
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Table 1. Summary of Bioimaging Probes Based on Enzyme-Instructed CBT-Cys-like Click Reactions

probe enzyme

Cys(StBu)-IEFD-K(CyS.5)-CBT

QMT-CBT

Ac-RVRR(StBu)-K(TPE)-CBT
Cbz-GPC(StBu)K(Cou)-CBT

C-SNAF
TCO-C-SNAT4
NI-C-CBT

Val-Cit-Cys(SEt)-Lys(Cypate)-CBT

1-RGD
DEVDC-Gd-CBT
C-SNAM

Ac-DEVD-C(StBu)-K-CBT-Fe;0, NPs
Ac-RVRR-C(StBu)-K(SPIO)-CBT

['*F]SE-DEVD
[**F]SF-Glu
['8F]C-SNAT
['®F]C-SNAT4

Ac-RVRR-C(StBu)-K(DOTA-%Ga)-CBT

Gd-IR780
['F]-IR780—1
AuNNP@DEVD-IR1048

granzyme B
caspase 1
furin
FAP-a
caspase-3/7
caspase-3/7
nitroreductase
cathepsin B
caspase-3
caspase-3
caspase-3/7
caspase-3/7
furin
caspase-3
GGT
caspase-3
caspase-3
furin
caspase-3
caspase-3

caspase-3

cyclization type imaging modalities reactions type reference
intermolecular cyclization FL CBT-Cys 41
intermolecular cyclization FL CBT-Cys 45
intermolecular cyclization FL CBT-Cys 48
intermolecular cyclization FL CBT-Cys S5
intramolecular cyclization FL CHQ-Cys 57
intramolecular cyclization FL PMN-Cys 59
intermolecular cyclization PA CBT-Cys 67
intermolecular cyclization PA CBT-Cys 70
intramolecular cyclization PA CHQ-Cys 71
intermolecular cyclization MRI CBT-Cys 82
intramolecular cyclization MRI CHQ-Cys 83
intermolecular cyclization MRI CBT-Cys 85
intermolecular cyclization MRI CBT-Cys 86
intramolecular cyclization PET CBT-Cys 92
intramolecular cyclization PET CBT-Cys 92
intramolecular cyclization PET CHQ-Cys 93
intramolecular cyclization PET PMN-Cys 94
intermolecular cyclization PET CBT-Cys 96
intramolecular cyclization PA/MRI CHQ-Cys 99
intramolecular cyclization PA/PET CHQ-Cys 100
intermolecular cyclization PA/FL CBT-Cys 101

spatial resolution imaging of caspase-3 activity in vivo.
Similarly, the authors used '®F-labeled zwitterionic organo-
trifluoroborate ([**F]-AMBF;) to replace the DOTA-Gd and
conjugated with the same Cys-IR780-CHQ_scaffold for the
construction of a smart PA/PET bimodal probe ['*F]-IR780—
1 to monitor tumor cell apoptosis process.'”’ Designed [**F]-
IR780—1 can provide an effective tool for the evaluation of the
antitumor efficacy at the early stage, which helps provide
patients with the optimized therapeutic strategy.

FLI/PAI dual-modal imaging has attracted more and more
attention because of its high sensitivity from FLI and high
tissue penetration ability from PAIL Song’s group developed a
caspase-3 activatable NIR-II FL/PA dual-modal probe,
IR1048-Asp-Glu-Val-Asp-Cys(StBu)-(nanogapped gold nano-
particles)-CBT (AuNNP@DEVD-IR1048) for realizing early
evaluation of radiotherapy effect.'”' As shown in Figure 14a,
because of the FRET effect, the probe exhibited negligible
NIR-II FL and PA signals. Upon the caspase-3 addition,
AuNNP@DEVD-IR1048 could be cleaved into two parts,
IR1048-Asp-Glu-Val-Asp and Cys(StBu)-(AuNNP)-CBT. The
former could activate NIR-II FL, and the latter underwent
CBT-Cys click cyclization reaction under the action of GSH to
form dimers and further self-assemble into nanoparticles.
Because of the plasma coupling effect between adjacent
AuNNPs, NIR-II PA is turned on. The radiotherapeutic
evaluation of in situ orthotopic liver cancer demonstrated that
both signal intensity of NIR-II FL and PA reached the
maximum at 12 h after 8 Gy radiotherapeutic treatment
(Figure 14b,c). Further, the expressions of caspase-3 were
detected under different doses of X-ray irradiation. The results
shown in Figure 14d indicated that the irradiation dose,
caspase-3 expression, AFL intensity, and APA intensity were
positively correlated. In conclusion, this caspase-3 activatable
NIR-II FL/PA dual-modal probe has high imaging sensitivity
and deep tissue penetration, which can be used for early
prediction and evaluation of the effect of radiotherapy in situ.
Overall, the CBT-Cys-like reaction-constructed multimodal
probes can realize significant signal enhancement in situ with
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high specificity and sensitivity, which can provide a new idea
for the design of efficient bioimaging probes.

4. CONCLUSION AND OUTLOOK

In this review, we introduce in detail the concept and
mechanism of CBT-Cys-like click reactions, mainly including
CBT-Cys, CHQ-Cys, and PMN-Cys reactions, and present a
comprehensive overview of the applications of enzyme-
instructed CBT-Cys-like click reactions across diverse imaging
modalities. Table 1 classifies and summarizes the important
enzyme-instructed CBT-Cys-like click reaction-constructed
imaging probes for bioimaging applications. In comparison
with alternative imaging strategies, enzyme-instructed CBT-
Cys-like click reactions exhibit superior biocompatibility, and
their higher second-order reaction rate (i.e, CBT-Cys
reaction) or biorthogonality (i, CHQ-Cys reaction and
PMN-Cys reaction) makes them highly suitable for use in the
body. Moreover, the probes can be specifically activated by
targeted enzymes in focus, which enables precise imaging of
target tissues with enhanced accuracy. Furthermore, in vivo
cyclization and self-assembly demonstrated by these probes
confer dual advantages as both small molecule probes and
nanoprobes. In detail, small molecules can easily enter cells and
tissues, and then, the larger size of assembled structures formed
by in situ assembly can effectively reduce probe diffusion,
enhance accumulation in target tissues, and significantly
prolong retention time in target tissues, thereby improving
imaging contrast. In addition, some common distance-
dependent nonradiative transfer mechanisms (e.g., ACQ effect,
FRET effect, and AIE effect) can be ingeniously utilized by the
assembly/disassembly of CBT-Cys-like cyclization for smartly
controlling the on—off state of signals. The intelligent design of
efficient and multifunctional imaging probes utilizing CBT-
Cys-like click reactions has significantly propelled advance-
ments in the field of medical imaging.

Considerable advancements have been made in recent years
through the development of imaging probes that utilize
enzyme-instructed CBT-Cys-like click reactions. However,
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there are still significant challenges that require attention. First,
the disease microenvironments are often highly complex. It is
difficult to achieve precise diagnosis by imaging single enzyme
activity. Hence, strategies involving dual or multiple enzyme
responses have emerged as current trends in probe design.
Second, existing technological limitations impose restrictions
on the capabilities of individual imaging modalities. For
instance, FLI necessitates addressing concerns regarding tissue
penetration depth, while PET imaging requires solutions for
low spatial resolution issues. To overcome these limitations
and harness the advantages offered by diverse imaging
modalities, the design of multimodal imaging probes represents
a prudent and effective choice. The third challenge lies in the
poor targeting efficiency of small molecules and limitations in
real-time monitoring within target areas due to prolonged
accumulation time requirements. Therefore, when new probes
are developed, more emphasis should be placed on improving
targeting ability and real-time monitoring capability. Last but
not least, weak targeting can lead to probe accumulation in
other healthy tissues and may result in clinical toxicity or side
effects. Therefore, further improvements are needed to design
new multimodal probes with good targeting efficiency to
minimize their impact on healthy tissues. After addressing
these concerns, we think that the utilization of enzyme-
instructed CBT-Cys-like click reactions to design novel and
efficient probes with good targeting ability and multimodal
detection functions for precise imaging will greatly advance the
field of medical imaging and provide more accurate and
comprehensive imaging information support for clinical
diagnosis and treatment.
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B VOCABULARY

Molecular imaging is a technique based on specific
molecular probes and intrinsic tissue features as the sources
of images to monitor biological processes at the molecular
and cellular levels within living organisms.

Click reaction is a type of reaction with high efficiency, mild
conditions, and rapid reaction rate, which was first raised by
Sharpless et al. in 2001.

CBT-Cys-like reactions include the CBT-Cys click reaction
developed by Liang et al. from the regenerative pathway of
p-luciferin in fireflies and its derived reactions (i.e., CHQ-
Cys reaction and PMN-Cys reaction).

Fluorescence imaging (FLI) is an optical imaging technique
that has gained widespread applications in disease diagnosis
because of its exceptional spatiotemporal resolution and
noninvasive characteristic.

Photoacoustic imaging (PAI) is an imaging technique that
synergistically integrates the outstanding contrast capabil-
ities of optical imaging with the impressive spatial resolution
offered by ultrasound imaging.

Magnetic resonance imaging (MRI) is an imaging technique
that uses the principle of nuclear magnetic resonance to map
the internal structure of an object by detecting electro-
magnetic waves emitted by an external gradient magnetic
field.

Positron emission tomography (PET) is a nuclear imaging
technique extensively employed in clinical disease detection
because of its exceptional sensitivity and tissue penetration
capabilities.
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