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ABSTRACT: Enzymatic molecular in situ self-assembly (E-MISA) that
enables the synthesis of high-order nanostructures from synthetic small
molecules inside a living subject has emerged as a promising strategy for
molecular imaging and theranostics. This strategy leverages the catalytic
activity of an enzyme to trigger probe substrate conversion and assembly in
situ, permitting prolonging retention and congregating many molecules of
probes in the targeted cells or tissues. Enhanced imaging signals or therapeutic
functions can be achieved by responding to a specific enzyme. This E-MISA
strategy has been successfully applied for the development of enzyme-activated
smart molecular imaging or theranostic probes for in vivo applications. In this
Perspective, we discuss the general principle of controlling in situ self-assembly
of synthetic small molecules by an enzyme and then discuss the applications for the construction of “smart” imaging and theranostic
probes against cancers and bacteria. Finally, we discuss the current challenges and perspectives in utilizing the E-MISA strategy for
disease diagnoses and therapies, particularly for clinical translation.
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1. INTRODUCTION
Self-assembly of small molecules into intricate, high-order
functional nanostructures is a ubiquitous phenomenon in
nature, participating in many important physiological and
pathological processes.1−4 Inspired by this, extensive efforts
have been made to harness the self-assembly process to control
the synthesis of nano/microstructures in either solutions or
living subjects.5,6 In particular, the stimuli-triggered molecular
in situ self-assembly strategy, which enables the on-site
synthesis of nanostructures from synthetic small molecules
within living organisms, has found a wide range of applications
in biology and medicine. These include tissue engineering,
controlled drug delivery, regulation of cellular functions,
molecular imaging, and so forth.7−13 This approach diverges
from conventional small-molecule therapeutics and nanoma-
terials by employing small-molecule probes that can be
specifically recognized or activated by a stimulus. Activation
induces a transformation in the molecular structure of the
probes from hydrophilic to amphiphilic (or hydrophobic),
which in turn drives self-assembly at the site of action through
molecular interactions. These forces, including π−π stack-
ing,14,15 hydrophobic interactions,16,17 hydrogen bonding,18,19

electrostatic interactions,20 coordination bonds,21 etc.,22,23

facilitate the in situ formation of nanostructures with improved
retention and accumulation at the target site. The stimuli-
responsive in situ self-assembly strategy offers several

advantages over traditional therapeutic modalities.24−26 It
mitigates the rapid clearance from the target area that is
typical for small molecules and addresses the challenges of high
reticuloendothelial system (RES) uptake as well as limited
penetration associated with nanomaterials in vivo.27−30 By
combining the inherent high tissue penetration of small
molecules (before activation) with the prolonged retention of
nanomaterials (postactivation), this strategy can significantly
enhance accumulation and retention of molecular probes at the
targeted tissues. Thus, enhanced imaging signals and/or
therapeutic activities can be achieved in the target tissues,
while inactivated small-molecule probes can be easily washed
out of from nontarget normal tissues, which is beneficial to
reduce background signals and/or side effects in vivo.31,32

In recent years, numerous molecular probes have been
developed for the imaging and/or treatment of tumors or other
diseases in vivo based on the stimuli-triggered molecular in situ
self-assembly strategy.33−35 These self-assembly molecular
probes can be responsive to different stimuli, such as
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pH,36,37 reactive oxygen species (ROS),38,39 biothiols,40,41

light,42,43 temperature,44,45 ultrasound (US),46,47 enzymes,48,49

antigens,50,51 and nucleic acids.52,53 Among these stimuli,
enzymes represent a type of important molecular triggers due
to their crucial roles in controlling various biological
processes.54−57 It has been recognized that aberrant expression
of enzymes is intricately linked to metabolic disorders, genetic
diseases, and impaired physiological functions. Precise in vivo
detection of their activity is significant for the diagnosis of
tumors and other diseases.58−66 The enzymatic molecular in
situ self-assembly (E-MISA) strategy has shown promise for
molecular imaging and theranostics.67 Unlike the other
approaches for the imaging of enzymes, the E-MISA strategy
utilizes the catalytic activity of an enzyme under mild
physiological conditions, which allows catalysis of the
continuous conversion of a hydrophilic small-molecule
precursor into the amphiphilic (or hydrophobic) intermediates
near the site of the targeted enzyme. As a result, the local
concentration of the intermediates is above the critical micelle
concentration (CMC), permitting triggering of efficient
molecular self-assembly into nanoaggregates.68 This process
facilitates the accumulation of many self-assembly probes in
the target tissues for improving imaging and/or therapy of
diseases.69 There have been some reviews to describe the
enzyme-triggered molecular probes for molecular imaging and/
or theranostics of tumors.26,39,70−72 However, there is still a
lack of a comprehensive perspective to provide a systematic
and timely summary of the progress in E-MISA probes for in
vivo imaging of enzymatic activity and for controlled drug
release for cancer theranostics.
In this Perspective, we provide an overview of the E-MISA

strategy for the design of smart molecular probes for in vivo
imaging and theranostics. We briefly introduce the general
strategy for the design of E-MISA probes, which include
monomodality imaging probes, multimodality imaging probes,
and multifunctional theranostics probes. We then discuss the

applications of these E-MISA probes for in vivo imaging and
theranostics of tumors and other diseases. Finally, current
challenges and perspectives in the development of E-MISA
probes for disease diagnoses, therapies, and clinical translation
are discussed.

2. GENERAL STRATEGIES FOR THE DESIGN OF
E-MISA PROBES

Figure 1a illustrates the general components of an E-MISA
probe, which consists of (1) an enzyme recognition substrate,
(2) a linker to promote self-assembly,73,74 and (3) a function
group for imaging and/or therapy. The E-MISA probe is
typically designed to be water-soluble initially. After cleavage
by the target enzyme, it undergoes molecular transformation to
generate the amphiphilic (or hydrophobic) product, which
subsequently proceeds with molecular self-assembly into
nanoaggregates (e.g., nanoparticles and nanofibers). The
applications of the E-MISA probes for in vivo imaging and/
or therapy are illustrated in Figure 1b. After systemic injection,
they can easily extravasate and penetrate into biological tissues
due to their small size and hydrophilicity. In the target tissues
where the enzymes of interest are present, they can proceed via
an on-demand E-MISA process, affording nanoaggregates with
significantly increased molecular size. This can help to enhance
accumulation and retention at the target tissues, leading to
increased imaging contrast and therapeutic efficacy in vivo. To
enable the E-MISA strategy, it is important to choose the
target enzyme. Ideally, the target enzyme should be overex-
pressed in the targeted tissue but have low (or no) expression
in the nontargeted tissues. The target enzyme can potentially
act as a biomarker of a disease (e.g., cancer, bacteria).
Additionally, the target enzyme should have a high catalytic
activity and specificity.75 In recent years, people have
developed a number of E-MISA probes that are responsive
to either extracellular enzymes (e.g., metalloproteinases

Figure 1. Schematic illustration of enzymatic molecular in situ self-assembly (E-MISA) probes for in vivo imaging and/or theranostics. (a)
Design of E-MISA probes and proposed enzyme-triggered self-assembly process. (b) Schematic illustration of E-MISA probes for molecular
imaging and/or theranostics in vivo.
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(MMPs),76−78 alkaline phosphatase (ALP),79−90 γ-glutamyl
transferase (GGT)91,92) or intracellular enzymes (e.g.,
furin,93−95 caspase3/7 (casp-3/7),96−108 cathepsin B (cat
B),109−111 β-galactosidase (β-gal),112 etc.113) of cancer or
disease-relevant cells. These E-MISA probes can leverage the
enzymatic catalysis to control proteolysis and self-assembly of
many molecules of probes, which are beneficial to amplify
imaging signals or increase therapeutic outcomes in tumors or
related diseases.
According to the enzymatic functions, two general strategies

are commonly employed to control probe self-assembly. First,

enzyme-triggered proteolysis manipulates direct molecular self-
assembly. Second, enzyme-triggered biocompatible reaction
that manipulates molecular self-assembly. With the introduc-
tion of various imaging moieties, E-MISA probes with different
imaging modalities can be designed.114,115 By introducing
different therapeutic groups, it is feasible to construct
therapeutic E-MISA probes for chemotherapy, phototherapy,
sonodynamic therapy (SDT), and combination therapy.
Furthermore, theranostic E-MISA probes can also be designed
by integrating both imaging and therapeutic components. In
the following sections, we first discuss the progress of E-MISA

Figure 2. E-MISA fluorescent probes and their chemical structures. (a) Chemical structure of probe 1 and the proposed chemical conversion in
the presence of GSH and casp-3/7. (b) (top) Representative three-dimensional structured illumination microscopy (3D-SIM) image of a DOX-
treated tumor tissue slice from HeLa tumor-bearing mice after intravenous (i.v.) injection of probe 1 (pseudo-green) and (bottom) the enlarged
area of interest region in the 3D-SIM image. The cell nuclei are costained with DAPI (blue). (c) Longitudinal fluorescence imaging (FLI) of HeLa
tumor-bearing mice treated with DOX or saline after intravenous injection of probe 1. (d) Plots of the maximum tumor FL intensity at 1 h after i.v.
injection of probe 1 versus the maximum % tumor volume change after ×3 DOX-treated (red, Pearson’s r = −0.9, P < 0.05) or saline-treated mice
(blue, r = −0.2, P > 0.05). (e) Chemical structure of probe 2 and its conversion to NIR fluorescent 2-NPs via the E-MISA process in the presence
of Gzm-B and GSH. (f) Longitudinal bioluminescence imaging (BLI), and FLI with D-luciferin and probe 2 (5 nmol, ex 650 nm/em 670 nm) of
(bottom) A20Luc+-implanted or (top) CAR T cell-treated tumor-bearing mice. (g) Chemical structure and the proposed chemical conversion
mechanism of E-MISA fluorescent probe 3 (QMT-CBT). (h) Fluorescence images of WT and AD mice preinjected with cyclosporin (0.04 mg
kg−1) for 1 h, followed by i.v. injection of 3 or QMT-CBT-Ctrl (0.2 mg kg−1). Reproduced with permission from ref 96 (copyright 2014 Springer
Nature), ref 125 (CC BY-NC-ND 4.0), and 128 (copyright 2023 American Chemical Society).

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.4c00392
JACS Au 2024, 4, 2426−2450

2428

https://pubs.acs.org/doi/10.1021/jacsau.4c00392?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00392?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00392?fig=fig2&ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://pubs.acs.org/doi/10.1021/jacsau.4c00392?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


probes in in vivo imaging, ranging from monomodality imaging
to multimodality imaging. The monomodality E-MISA
imaging probes mainly consist of fluorescence imaging (FLI),
magnetic resonance imaging (MRI), positron emission
tomography (PET), and photoacoustic imaging (PAI) probes.
We then discuss the progress of E-MISA probes in
theranostics, including chemotherapy, phototherapy and/or
SDT, and combination therapy.

3. E-MISA PROBES FOR MOLECULAR IMAGING OF
ENZYMATIC ACTIVITY

3.1. E-MISA Probes for FLI of Enzymatic Activity

FLI is a cost-effective, noninvasive, and simple technique that
has been widely utilized for the sensitive detection of enzyme
activity both in vitro and in vivo.116−119 By incorporating
different fluorophores into E-MISA probes, different enzyme
activities can be detected by selectively controlling the self-
assembly of probes near the target enzyme sites.120−122

In 2010, Rao and co-workers reported the use of an enzyme-
triggered biocompatible reaction between 6-hydroxy-2-cyano-
benzothiazole (CBT) and D-cysteine (D-Cys) to manipulate
the self-assembly of small-molecule fluorescent probes in living
cells.123,124 Later, they optimized the biocompatible reaction to
outcompete endogenous L-Cys for achieving the E-MISA
process in an in vivo context. As a representative, they designed
a near-infrared (NIR) fluorescent E-MISA probe for in vivo
imaging of casp-3/7 activity (Figure 2a).96 This NIR
fluorescent probe (named C-SNAF), which is denoted as
probe 1 here, consisted of three major components: (1) a
biocompatible reaction pair of 2-cyano-6-hydroxyquinoline
(CHQ) and a D-Cys residue linked by an amino luciferin
scaffold, (2) a casp-3/7-recognition peptide substrate (DEVD)
and a glutathione (GSH)-reducible disulfide cap on the N-
terminus of the D-Cys residue, and (3) the NIR fluorophore
Cy5.5 for FLI. Initially, probe 1 existed in a hydrophilic and
small-molecule state in solution. Upon cleavage by casp-3/7
and reduction by GSH, both the DEVD peptide and the
disulfide bond were removed, yielding free N-terminal D-Cys
that allowed rapid intramolecular cyclization with CHQ to
afford macrocyclic 1-cycl (C-SNAF-cycl). The enhanced
hydrophobicity and rigidity of these macrocyclic 1-cycl
molecules could facilitate their self-assembly into fluorescent
nanoaggregates with a size of 174 ± 44 nm. This size of these
nanoaggregates was significantly larger compared to that of
probe 1 itself, which could potentially impede the diffusion
process and prolong its retention time at the site.
As active casp-3/7 is positively related to cell apoptosis,

these NIR fluorescent nanoaggregates formed in situ could be
trapped in therapy-responsive apoptotic tumor cells, which
were visualized by three-dimensional structured illumination
microscopy (3D-SIM) (Figure 2b). After intravenous (i.v.)
injection of probe 1 into HeLa tumor-bearing mice, they
observed that the NIR FL signal in doxorubicin (DOX)-
treated tumors was significantly 1.6-fold higher than that in
saline-treated tumors (Figure 2c). Moreover, they found that
the tumor NIR FL increased as the chemotherapy progressed
from the first round (×1 DOX) to third round (×3 DOX).
The maximum FL intensity correlated strongly with the tumor-
size change after therapy, suggesting that probe 1 could report
the degree of tumor apoptosis following chemotherapy (Figure
2d).

In addition to FLI of casp-3/7 activity using the NIR
fluorescent E-MISA probe, Rao’s group also developed a
granzyme B (Gzm B)-responsive E-MISA probe for multi-
parameter imaging of immune cell activity in tumors. Gzm B is
released from cytotoxic T lymphocytes (CTLs) during
granule-mediated cytotoxicity, playing a pivotal role in
assessing the efficacy of CTL-mediated cancer immune
therapy. The precise detection of Gzm B activity is applicable
for early evaluation of the effectiveness of immune therapy. To
enable sensitive imaging of Gzm B activity, they utilized an
optimized biocompatible intramolecular macrocyclization
reaction between pyrimidinecarbonitrile and D-Cys and
developed the Gzm B-responsive E-MISA probe 2 (named
G-SNAT) by introducing a Gzm B-sensitive peptide motif
(IEFD) and the NIR fluorophore Cy5.125,126 Probe 2 could be
activated to undergo intramolecular cyclization in the presence
of both Gzm B and GSH, followed by in situ self-assembly to
form Cy5-containing NIR fluorescent nanoparticles (Figure
2e). This Gzm B-triggered E-MISA process could enhance
accumulation of Cy5 fluorophores in the Gzm B-positive
tumors, affording high NIR FL signals in subcutaneous (s.c.)
A20 lymphoma tumors upon receiving immunotherapy with
chimeric antigen receptor (CAR) T cells. Probe 2 could be
employed to permit precise detection of Gzm B activity in the
CAR T-treated A20 lymphoma tumors after i.v. injection into
mice, which could be utilized to monitor the efficacy of
immunotherapy in tumors with immune checkpoint blockade
and CAR-T in vivo (Figure 2f).
In addition, an NIR fluorescent E-MISA probe also can be

utilized for Alzheimer’s disease (AD) imaging. AD is a
progressive neurodegenerative disorder that typically presents
with neuroinflammation. Within this neuroinflammatory
context of AD, caspase-1 (casp-1) as a biomarker is tightly
linked to its progression.127 Very recently, Liang and co-
workers combined the biocompatible CBT−Cys condensation
reaction with the NIR aggregation-induced emission (AIE) dye
quinolone malononitrile triphenylamine (QMT) and a casp-1
activation peptide motif (Ac-WEHD) and developed the dual-
aggregation-enhanced NIR fluorescent E-MISA probe 3 for
highly sensitive in vivo imaging of AD.128 Probe 3 (QMT-
CBT) could be activated to undergo intermolecular cyclization
to form QMT-Dimer in the presence of both casp-1 and GSH
(triggering the QMT dye’s first aggregation). The QMT-
Dimers were followed by self-assembly to form QMT-
containing NIR AIE fluorescent nanoparticles (QMT-NPs),
which achieved the second aggregation and enhancement of
NIR FLI (Figure 2g).128 Following i.v. injection of E-MISA
probe 3 into AD mice, the casp-1- and GSH-triggered E-MISA
process increased accumulation of “dual AIE” QMT-NPs in
the AD region, affording 1.4-fold brighter NIR FLI than its
control probe (which relied solely on AIE without self-
assembly) (Figure 2h). This enhanced NIR FLI signal could be
utilized for the sensitive diagnosis of AD in living mice.
Although E-MISA probes had offered high sensitivity and

specificity for molecular imaging of enzymatic activity in living
animals via FLI, they were not efficient for the detection of
deep-seated enzymes due to the inherent shallow tissue
penetration ability of light in biological tissues.
3.2. E-MISA Probes for MRI of Enzymatic Activity

MRI is a clinical imaging tool with high spatial resolution and
unlimited tissue penetration depth, allowing the construction
of three-dimensional (3D) anatomical images.129−131 How-
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ever, MRI has low detection sensitivity for molecular imaging
of enzymatic activity, which generally requires the admin-
istration of contrast agents to increase the contrast. The
development of enzyme-activated contrast agents is highly
demanded for in vivo molecular MRI. In 2014, Rao’s group
reported the first example of a casp-3/7-activatable Gd-based
contrast agent (probe 4, named C-SNAM) using the E-MISA
strategy. Probe 4 possessed the same E-MISA scaffold as probe
1, with a paramagnetic Gd-DOTA chelate in place of the Cy5.5
fluorophore.97 As with probe 1, probe 4 could undergo
intramolecular cyclization in the presence of casp-3/7 and
GSH, leading to the formation of Gd-containing nanoparticles
(GdNPs). The GdNPs have a substantially larger molecular
size than small-molecule probe 4, which resulted in the
rotation of the Gd chelates being restricted. Consequently, the
tumbling time (τR) of the Gd chelates was significantly
prolonged, accompanied by an enhancement in the r1 relaxivity
(Figure 3a). This E-MISA process increased the r1 relaxivity
from ∼10.2 to ∼19.0 mM−1 s−1 at 1 T after interaction with
casp-3/7 and GSH. This, in conjunction with enhanced
accumulation of GdNPs in the apoptotic tumor cells, could
produce substantially enhanced T1-weighted MRI contrast in
the s.c. HeLa tumors following chemotherapy or radiotherapy
(Figure 3b).98 It was demonstrated that probe 4 could map the
heterogeneous distribution of radiotherapy-induced apoptosis
signals within HeLa tumor tissues via high-resolution MRI.
The enhanced MRI contrast observed in response to casp-3/7
and GSH in probe 4 was subsequently applied for the in vivo
detection of apoptosis in rat adipose-derived stem cells
(rASCs).99

Gd-based contrast agents could also be utilized for T2-
weighted MRI, depending on the T1/T2 ratio at different
magnetic fields.132 In 2019, Liang and colleagues reported the
γ-glutamyl transferase (GGT)-activatable Gd-based E-MISA
probe 5 for T2-weighted MRI of GGT activity (Figure 3c).91

Upon incubation with GGT and reducing agents, probe 5
could undergo an intermolecular cyclization process. This then
self-assembled into spherical GdNPs, resulting in a significant
increase in r2 relaxivity (from 5.20 to 27.8 mM−1 s−1 at 9.4 T).
Probe 5 could produce a dark T2-weighted MR contrast in the
s.c. HeLa tumors at 2.5 h after i.v. injection, which could be
inhibited by 6-diazo-5-oxo-L-norleucine (DON) (Figure 3d).
In addition to Gd-based contrast agents, the E-MISA strategy
based on the biocompatible CBT−Cys reaction has also been
successfully applied to build enzyme-activatable superpar-
amagnetic iron nanoparticles (SPIONs) for T2-weighted
MRI.133−135 Gd-based contrast agents have been widely used
for clinical MRI due to their high relaxivity to enhance MR
contrast. However, the potential release of free Gd3+ ions from
the Gd-based contrast agents in vivo might cause side toxicity
to patients, particularly for patients with renal dysfunction.
More stable organic ligands toward Gd3+ would be helpful to
reduce the side toxicity relating to the free Gd3+.136 In
addition, it is also highly demanded to develop other
paramagnetic-ion-based MR contrast agents (e.g., Mn2+).
Chemical exchange saturation transfer (CEST) is another

newly emerging MRI technique that maps the chemical
exchange between protons of a probe applied and the protons
of bulk water molecules under saturation with irradiation with
a suitable radiofrequency.137 CEST is attractive for molecular
MRI of biological processes using a specific CEST probe. In
2019, Bulte and collaborators employed the biocompatible
CBT−Cys reaction to build a furin-activatable CEST probe.93
By linking olsalazine (Olsa), a DNA methylation inhibitor, to
the CBT scaffold, they designed probe 6 (named Olsa-RVRR).
Probe 6 could undergo an efficient E-MISA process in
response to furin and GSH, forming Olsa-containing nano-
particles (Olsa-NPs) with a large number of hydroxyl protons
(from Olsa) on the surface. These hydroxyl protons could
exchange with bulk protons in the surrounding water

Figure 3. Chemical structures of E-MISA MRI probes. (a) Chemical structure of E-MISA MRI probe 4 and its proposed chemical conversion
process in the presence of both GSH and casp-3/7. (b) Representative T1-weighted images from DOX-treated (Treated) or untreated (Baseline)
HeLa tumors following i.v. injection of probe 4 (0.1 mmol/kg). Images were captured at 0 (precontrast), 40, or 120 min. (c) Chemical structure of
E-MISA probe 5 for MRI. (d) T2-weighted coronal MR images of HeLa tumor-bearing mice following (top) i.v. injection of probe 5 (0.08 mmol/
kg), (middle) pretreatment with GGT inhibitor 6-diazo-5-oxo-L-norleucine (DON) (0.25 mmol/kg) for 0.5 h and then i.v. injection of probe 5
(0.08 mmol/kg) and (bottom) i.v. injection of Gd-DTPA (0.08 mmol/kg). Images were captured at 0 and 2.5 h. (e) Chemical structure of E-MISA
MRI (for CEST) probe 6. (f) Representative dynamic T2-weighted (T2w) and Olsa CEST serial MRI images of tumor-bearing mice following i.v.
injection of 0.02 mmol/kg probe 6 or free olsalazine (left, HCT116; right, LoVo). Reproduced with permission from ref 97 (copyright 2014 Royal
Society of Chemistry), ref 91 (copyright 2019 American Chemical Society), and ref 93 (copyright 2019 the authors of ref 93, under exclusive
license to Springer Nature).
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molecules, resulting in distinct CEST signals (Figure 3e).
Enhanced accumulation of Olsa-NPs in the probe 6-treated
furin-positive HCT116 tumors was achieved, resulting in a
significantly higher CEST contrast compared to that of free
Olsa-treated mice or furin-deficient LoVo tumors (Figure 3f).
3.3. E-MISA Probes for PET of Enzymatic Activity

PET imaging, based on the detection of high-energy γ photons
emitted from radionuclides, has been widely used in clinical
settings due to its high detection sensitivity and tissue
penetration depth.138−140 Strategies that allow for selective
accumulation of radionuclides in target tissues are crucial for
PET imaging. Generally, radiolabeling of enzyme inhibitors or
antibodies is a commonly used strategy to build PET tracers
toward enzymes or receptors. These PET tracers could
produce enhanced imaging signals through binding to the
target enzymes or receptors, with the enhancement signals
largely dependent on the number of target enzymes or
receptors. Alternately, the E-MISA strategy could leverage the
catalytic activity of the target enzyme to promote the retention
of the radionuclides in targeted tissues, which could offer a
smart approach to build PET tracers for in vivo imaging. In
2013, Rao and colleagues employed the biocompatible CBT−
Cys condensation reaction and developed the 18F-labeled E-
MISA PET probe 7 (named [18F]C-SNAT) for PET imaging
of casp-3/7 activity in vivo.100,101 Probe 7 could be cleaved by
casp-3/7 and reduced by GSH, followed by intramolecular
cyclization and self-assembly into 18F-labeled nanoparticles
(18F-NPs) (Figure 4a). The in situ-formed 18F-NPs demon-
strated the ability to retard washout and prolong retention in
apoptotic tumor cells, thereby allowing for the trapping of a
greater quantity of 18F radionucleotides in apoptotic tumor
cells relative to viable tumor cells. PET imaging in vivo showed
that probe 7 could produce higher PET signals in the HeLa
tumors after treatment with DOX compared to prior treatment
(Figure 4b). It was found that probe 7 could outcompete other
PET tracers (e.g., 18F-FDG, 99mTc-Annexin V and 18F-ML-10)
for in vivo imaging of drug-induced apoptosis in tumor tissues.
These results demonstrated that the E-MISA strategy has the
potential to be a valuable tool for PET imaging of tumor
apoptosis.102

Based on probe 7, Lin and co-workers recently optimized
the E-MISA scaffold by introducing two p-aminobenzoic acid
moieties and using CBT instead of the CHQ group. The new
scaffold showed improved reaction kinetics and stability for
radiolabeling. They developed the 18F-labeled E-MISA PET
probe 8 (labeled as [18F]SF-DEVD) for PET imaging of casp-3
(Figure 4c).92 Findings showed that probe 8 could similarly
produce strong PET signals in the drug-treated HeLa tumor
via coinjection with its cold compound. Using the optimized E-
MISA scaffold, they further developed a GGT-activated PET
tracer (probe 9, also named [18F]SF-Glu) for sensitive imaging
of GGT-overexpressing U87MG tumors (Figure 4d). The E-
MISA-enabled approach could also be applied for the
development of a smart 68Ga-labeled PET tracer for in vivo
imaging of furin activity.94

3.4. E-MISA Probes for PAI of Enzymatic Activity

PAI is an emerging imaging modality that utilizes pulsed laser
irradiation and acoustic detection and is a powerful tool for the
detection of tumors and other diseases. PAI has the advantages
of high sensitivity, high spatial resolution, and high imaging
depth for in vivo imaging.141−143 To achieve activatable PAI
probes, Gambhir and colleagues first employed the enzyme-
activatable strategy to develop the first furin-responsive PAI
probe (10, ESOR-PA01) for in vivo imaging of furin activity.
This probe was designed by introducing an NIR fluorescent
dye, Atto-740, to the scaffold of the CBT−Cys system to
provide PAI signals (Figure 5a).95 In the presence of both furin
and GSH in tumor cells, probe 10 could be triggered to
proceed with intermolecular condensation to form dimers and
oligomers. Then the dimers and oligomers could be self-
assembled into Atto-740-containing nanoparticles, which led to
efficient quenching of the NIR fluorescence of Atto-740 in the
nanoparticles resulting from the aggregation-caused quenching
(ACQ) effect. The nonradiative relaxation process was
enhanced, and more energy could be converted into heat,
thereby producing the higher PA intensity. After injection into
mice, probe 10 could produce a significant ∼7.1-fold higher PA
intensity in furin-overexpressing MDA-MB-231 tumors than in
furin-deficient LoVo tumors (Figure 5b).

Figure 4. Chemical structures of E-MISA PET probes and their proposed chemical conversion mechanisms. (a) Chemical structure of E-MISA
PET probe 7 and its proposed chemical conversion process in the presence of both GSH and casp-3/7. (b) Representative PET images depicting
HeLa tumor-bearing mice at 125 min with the indicated treatments. All mice received an i.v. injection of probe 7, with specific dosages
administered to each group: The baseline mouse (left) received probe 7 at 7.8 MBq/211 mCi. The DOX-treated mouse (middle) received probe 7
at 12 MBq/324 mCi. Another DOX-treated mouse (right) received the control probe 7-C (which cannot be cleaved by casp-3/7) at 5.4 MBq/146
mCi. The tumor region is indicated by the white dashed circle on the right shoulder of each mouse. (c) Chemical structures of E-MISA PET tracer
probes 8 and 9. (d) Transversal and coronal PET images of U87 tumor-bearing mice after i.v. injection of probe 9 (∼3.7 MBq) from 10 to 60 min.
Reproduced with permission from refs 100 and 92. Copyright 2013 Wiley-VCH and 2022 American Chemical Society, respectively.
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In 2019, Ye and colleagues developed the first casp-3/7-
activatable E-MISA PA probe, designated as probe 11, for PAI
detection of casp-3/7 activity in vivo (Figure 5c).103 To
improve the active targeting capability of probe 11, they
incorporated a cyclic RGD ligand (c-RGD) into the N-
terminal region of the DEVD peptide. Upon cleavage by casp-
3/7 and reduction by GSH, both the c-RGD-DEVD peptide
and the disulfide bond were removed, initiating subsequent
intramolecular cyclization and the in situ self-assembly process
to form indocyanine green (ICG)-containing nanoparticles
(11-NPs). The NIR FL of 11-NPs at 810 nm was quenched by

approximately 22-fold due to the ACQ effect of the aggregated
ICG in the 11-NPs. However, the PA signal at 780 nm was
significantly enhanced (approximately 3-fold increased),
resulting in a high PAI signal. Following i.v. injection of
probe 11 into DOX-treated U87MG tumor-bearing mice, the
hydrophilic probe could be actively delivered into the tumor
tissue via the c-RGD ligand, which specifically targets the
overexpressed αvβ3 integrin receptor on the tumor surface,
facilitating its internalization by tumor cells. Upon entering
apoptotic tumor cells, which were positive for casp-3/7 and
GSH, probe 11 underwent a transformation into PA-enhanced

Figure 5. Chemical structures of E-MISA PA probes and their proposed chemical conversion mechanisms. (a) Chemical structure of furin-
activatable PA probe 10 and its mechanism for the generation of PA contrast in the presence of both GSH and furin. (b) Representative PA images
displaying (top) a furin-deficient LoVo tumor and (bottom) a furin-overexpressing MDA-MB-231 tumor in mice. Images were captured at two
time points: before (0 min) and after i.v. injection (60 min) of furin-activatable PA probe 10. (c) Chemical structure of E-MISA PET probe 11 and
its proposed chemical conversion process in the presence of both GSH and casp-3/7. (d) Representative 3D reconstruction PA image and its
corresponding enlarged area for the apoptotic region of a DOX-treated HeLa tumor after i.v. injection of probe 11 (20 nmol) at 10 h. (e) Chemical
structure of E-MISA PA probe 12 and its proposed chemical conversion process in the presence of both GSH and cat-B. (f) Representative PA
images of cat B-overexpressing MDA-MB-231 tumor-bearing mice following (top) intratumoral (i.t.) injection of probe 11, (middle) pretreatment
with the cat B inhibitor CA-074-Me for 30 min followed by i.t. injection with probe 11, and (bottom) i.t. injection of free cypate. Images were
captured from 0.5 to 24 h following i.t. injection of probe 12. (g) Chemical structure of E-MISA PA probe 13 and its proposed chemical conversion
process in the presence of ALP. (h) Representative PA images of (top) untreated HeLa tumor-bearing mice following i.t. injection of probe 13 or
(bottom) HeLa tumor-bearing mice pretreated with the ALP inhibitor L-phenylalanine and then i.t. injected with probe 13 after 30 min. Images
were presented before (0 h) and after injection (4 and 24 h) of probe 13. Reproduced with permission from refs 95, 103, 109, and 79. Copyright
2013 American Chemical Society, 2019 Wiley-VCH, 2021 Wiley-VCH, and 2018 American Chemical Society, respectively.
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11-NPs and was trapped within tumor cells. In addition, the
authors found that high-resolution reconstructed 3D PA
images display the 11-NPs, which were subsequently trapped
within the tumor tissues, allowing for precise evaluation of the
DOX chemotherapy response of tumors in the early stages
(Figure 5d).
In addition to the assessment of casp-3/7 activity using the

E-MISA PA probe, in 2021 Liang and colleagues introduced
the cat B-activatable E-MISA PA probe 12 (Cypate-CBT) for
PAI of cat B activity in vivo (Figure 5e).109 Different from
probe 11, they incorporated a cat B-responsive dipeptide motif
(Val-Cit) at the N-terminus of the D-Cys residue and an NIR

fluorophore, cypate, for PAI. Upon cleavage by cat B and
reduction by GSH, both the Val-Cit dipeptide and the disulfide
bond were removed, initiating subsequent intermolecular
cyclization and in situ self-assembly to form cypate-containing
PA-enhancement nanoparticles (12-NPs). Following intra-
tumoral (i.t.) injection of probe 12 into cat B-overexpressing
MDA-MB-231 tumor-bearing mice, fast cleavage by cat B and
reduction by GSH led to intermolecular cyclization and self-
assembly, resulting in significant PAI enhancement. In vivo
PAI data show that probe 12 exhibited significantly enhanced
PAI in MDA-MB-231 tumors compared to free cypate-treated

Figure 6. E-MISA multimodality imaging probes and their chemical structures. (a) Chemical structure of NIR FLI/MRI bimodal probe 14. (b)
Representative MRI images of orthotopic HepG2/Luc liver tumor xenograft mice before (Precontrast) and 4 h after injection of probe 14 (0.015
mmol kg−1), (c) NIR FLI-guided surgical resection of orthotopic HepG2/Luc liver tumor in an intraoperative mouse by directly spraying probe 14
(10 μM) on the liver. (d) Chemical structures of NIR FLI/PET bimodal probe 15 and its cold probe 15-Cold. (e) Longitudinal NIR FLI and (f)
PET imaging of HeLa tumor-bearing mice with the indicated treatments. The images were acquired at 0, 30, 60, 90, and 120 min after i.v. injection
of probe 15 (∼7.4 MBq) or coinjection with probes 15 (∼7.4 MBq) and 15-Cold (50 μM, 200 μL). Arrows indicate the tumor sites. (g) Chemical
structure of E-MISA probe 16, which was utilized for the PAI/PET bimodality imaging of casp-3 activity in vivo. (h) Representative axial and
coronal PET images of U87MG tumors in living mice at 1 h after i.v. coinjection of probe 16 (∼7.4 MBq) and its cold probe (40 nmol). White
boxes indicate the tumor sites. Enlarged PET images of the tumor sites are shown at the right. T indicates the tumor site in each image. (i)
Representative PAI images (overlaid with ultrasound mode) of DOX-treated (DOX) or saline-treated (Saline) U87MG tumor-bearing xenograft
mice before (Pre) and 8 h after i.v. injection of probe 16 (40 nmol). (j) Chemical structure of E-MISA probe 17, which was used for PAI/MRI
bimodality imaging of casp-3 activity in vivo. (k, l) Representative (k) PA images (overlaid with ultrasound images, at 855 nm) and (l) T1-weighted
MR images of DOX-treated (DOX) or saline-treated (Saline) U87MG tumor-bearing xenograft mice at baseline (Pre) or various time points after
i.v. injection of probe 17 (0.1 mmol/kg). Reproduced with permission from refs 80, 81, 104, and 105. Copyright 2019 American Chemical Society,
2021 American Chemical Society, 2022 Wiley-VCH, and 2022 Elsevier B.V., respectively.
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mice or mice pretreated with cat B inhibitor (CA-074-Me) and
then treated with probe 12 (Figure 5f).
Different from the biocompatible CBT−Cys condensation

reaction-triggered self-assembly process, the enzyme-triggered
proteolysis E-MISA strategy involves the direct manipulation
of enzyme-cleaved products to undergo in situ self-assembly
into nanoaggregates in vivo. ALP, a key clinical diagnostic
biomarker, is extensively present in biological tissues and
associated with various diseases such as liver disease, bone
disease, and some malignant tumors.144 In 2018, Liang and
collaborators reported the first ALP-sensitive E-MISA PA
probe 13 for in vivo PAI of ALP activity. Probe 13 comprised
an ALP-recognition hydrophobic Phe-Phe-Tyr(H2PO3) tripep-
tide and the NIR dye IR775 for PAI.79 The hydrophilic H2PO3
group on the Tyr ensures that probe 13 maintains a high water
solubility and is a small molecule in solution, resulting in a low
PA signal. However, upon dephosphorylation by ALP, the
H2PO3 group was removed, resulting in rapid conversion of
probe 13 into a more hydrophobic enzyme-cleaved product
(13-cleaved). The intermolecular hydrophobic force of 13-
cleaved was significantly enhanced as a result of the chemical
structure being converted, which promoted the in situ self-
assembly process and the transformation of the molecule into
IR775-containing PA-enhancement nanoparticles (13-NPs)
(Figure 5g). Following the i.t. injection of probe 13 into
ALP-overexpressing HeLa tumor-bearing mice, a consistently
enhanced PAI signal was produced via the ALP-mediated self-
assembly process, resulting in a 2.3-fold increase in PA
intensity compared to that observed in HeLa tumors
pretreated with the ALP inhibitor L-phenylalanine at 4 h
(Figure 5h)
3.5. E-MISA Probes for Multimodality Imaging of
Enzymatic Activity

The integration of two or more complementary imaging
modalities, known as multimodality imaging, provides a
comprehensive image of the regions of interest. These
approaches have been widely employed for molecular imaging
and/or imaging-guided theranostics.145−147 In recent years,
several E-MISA multimodality imaging probes have been
developed for reliable imaging of enzyme activity for diagnosis
of tumors or imaging-guided tumor resection in vivo.148,149

MRI can produce anatomical images with unlimited tissue
penetration depth and high spatial resolution to promote
preoperative detection of deep-seated tumors; NIR FLI is a
highly sensitive imaging technique that could be employed for
the detection of low concentrations of tumor-associated
biomarkers.150 Thus, integration of the advantages of NIR
FLI and MRI could be conducted with high-sensitivity and
high-spatial-resolution imaging of enzymes in vivo. In 2019, Ye
and co-workers employed the E-MISA strategy to design the
ALP-activatable NIR FLI/MRI bimodality probe 14 (P-
CyFFGd) for in vivo imaging of ALP activity.80 Probe 14
contained the H2PO3-group-caged NIR dye merocyanine
(mcy) for activatable NIR FLI, the Gd-based chelate DOTA-
Gd for activatable MRI, and a hydrophobic dipeptide D-Phe-D-
Phe (FF) linker to promote self-assembly (Figure 6a). Probe
14, which exhibited an “OFF” NIR FLI and low r1 relaxivity,
was a water-soluble small-molecule probe that was dispersed
uniformly in solution due to the presence of the hydrophilic
H2PO3 group and a DOTA-Gd chelate. Upon dephosphor-
ylation by ALP, the H2PO3 group of probe 14 was removed,
resulting in the formation of an amphiphilic cleaved product

(CyFF-Gd). Subsequently, CyFF-Gd underwent the in situ
self-assembly process to form the NIR FLI signal (>70-fold
enhancement) and MRI signal (∼2.3-fold r1 relaxivity
enhancement) concurrently enhanced nanoparticles (14-
NPs). Following i.v. injection of probe 14 into ALP-positive
HeLa tumor-bearing mice, stronger NIR FLI/MRI bimodal
imaging signals were presented at tumor sites compared to that
of nonassembling control probe-treated mice (P-Cy-Gd).
Additionally, probe 14 was used for the preoperative detection
of orthotopic liver HepG2 tumors via high-spatial-resolution
T1-weighted MRI, followed by imaging-guided resection of the
tumor intraoperatively using sensitive NIR FLI (Figures 6b,c).
PET imaging offers high tissue penetration depth, while FLI

provides a high-sensitivity imaging signal. The combination of
these two techniques may result in the simultaneous
achievement of high tissue penetration depth and high-
sensitivity imaging in vivo.151,152 Moreover, coinjection of
radioisotope-free cold E-MISA probe with its radioisotope-hot
counterpart could further reduce the dosage of the radio-
isotope-hot probe required in vivo. Based on the idea and the
foundation of probe 14, Ye and colleagues reported the NIR
FLI/PET bimodal E-MISA probe 15 (P-CyFF-68Ga), replacing
the former Gd-DOTA chelate of probe 14 with the
radioisotope NODA-68Ga for NIR FL/PET bimodality
imaging of ALP in vivo (Figure 6d).81 The hydrophilic
H2PO3 group and NODA-Ga chelate render probe 15 (68Ga)
or probe 15-Cold (69Ga) as water-soluble small-molecule
probes that were uniformly dispersed in solution. This results
in the quenching of NIR FLI. Following i.v. injection of probe
15 or coinjection of probes 15 and 15-Cold into HeLa tumor-
bearing mice, bright NIR FLI was observed in the tumor
region of the coinjection-treated group, which was ∼6.2-fold
higher than that in the probe 15-treated group at 30 min
(Figure 6e). The E-MISA process resulted in the in situ
formation of 15-NPs, which were reduced in diffusion and
prolonged in retention. This was demonstrated by a markedly
elevated NIR FL in the coinjection of probe 15- and 15-Cold-
treated mice in comparison to that of mice treated only with
probe 15, which was consistent with the PET imaging results
(Figure 6f).
PAI can offer relatively high sensitivity, spatial resolution,

and deep tissue penetration, but it is unable to perform whole-
body imaging. Integrating it with whole-body-sensitive imaging
techniques like PET indeed offers a promising approach for
fast locating the disease foci in the whole body via PET
imaging. After that, PAI can be employed to further conduct
high spatial-resolution 3D imaging at interest regions.153 In
2022, Ye and colleagues reported the PET/PAI bimodality E-
MISA probe 16 ([18F]-IR780-1) by employing a new triazole-
IR 780 fluorescent scaffold and the CBT−Cys condensation
reaction for in vivo imaging of casp-3 activity in tumor
apoptosis cells (Figure 6g).104 Upon i.v. injection of probe 16
into DOX-treated U87MG tumor-bearing mice, it underwent
an intramolecular condensation reaction and was transformed
into PAI/PET bimodal signal enhancement 16-NPs, which
were trapped within apoptosis tumor cells at the casp-3/7- and
GSH-positive regions. This process resulted in significantly
enhanced PAI/PET bimodal signals at the apoptosis tumor
region. In vivo imaging data demonstrated that leveraging PET
for high sensitivity whole-body imaging signals enables quick
localization of tumor foci, followed by high-spatial-resolution
PA imaging (at 855 nm) for detailed visualization of the tumor
regions (Figure 6h,i). This strategy has the potential to serve as
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a powerful tool for assessing early chemotherapy response
efficacy and tailoring therapeutic regimens for patients, as it
allows for the precise localization and characterization of the
tumor sites.
In addition to precise PAI/PET bimodality imaging of casp-

3, a combination of PAI and MRI techniques could provide
complementary advantages that overcome the limitations of
each technique individually. For instance, PAI has limited
tissue penetration, while MRI has low sensitivity.154 Based on
this idea, Ye and colleagues developed the casp-3-activatable E-
MISA PAI/MRI bimodal probe 17 (Gd-IR780) in 2022 by
replacing the former [18F] trace of probe 16 with the
hydrophilic DOTA-Gd chelate, for in vivo imaging of
apoptosis tumor cells (Figure 6j).105 Following i.v. injection
of probe 17 into saline- or DOX-treated U87MG tumor-
bearing mice, a significant enhancement in PAI (∼20.4-fold)
and MRI (∼4.28-fold) signals was observed in the DOX-
treated tumors compared to the saline-treated tumors at 10 h
post-injection (Figures 6k,l). This strategy holds the potential
to enhance the capabilities of molecular imaging, providing
improved sensitivity and spatial resolution, which will facilitate
more accurate characterization of tumor apoptosis.

4. E-MISA PROBES FOR THERANOSTICS
Theranostic probes, which combine imaging and therapy to
allow imaging-guided therapy, are a promising tool for

precision medicine. Considering that the E-MISA strategy
could enhance the accumulation of various imaging moieties at
the target tissues for in vivo imaging of different enzyme
activities, the integration of therapeutic functions into the E-
MISA strategy could be amenable to the design of enzyme-
activable therapeutic probes for imaging-guided on-demand
therapy.155−157 Currently, a number of E-MISA theranostic
probes have been reported by integrating different imaging
modalities with different therapeutic modes, such as chemo-
therapy, phototherapy (e.g., photodynamic therapy (PDT) and
photothermal therapy (PTT)), SDT and combination therapy.
4.1. E-MISA Theranostic Probes for Chemotherapy

Chemotherapy has been extensively utilized for cancer therapy
in clinics, providing essential means to improve survival rates
and quality of life for patients with various types of cancer.158

The chemotherapeutic efficacy against malignant tumors in
vivo is highly dependent on the efficient delivery and
accumulation of chemodrugs in tumor tissues.159 To enable
enhanced delivery and retention of DOX in tumors, Wang and
colleagues proposed a tumor-selective cascade-activatable self-
detained system (TCASS) and designed two casp-3-responsive
E-MISA theranostic probes (18 and 19) for NIR FLI and
chemotherapy of tumors.106 These probes consisted of a
peptide sequence (AVPIAQK) capable of targeting the X-
linked inhibitor of apoptosis protein (XIAP), a DEVD
substrate peptide specifically recognized by casp-3/7, a

Figure 7. Chemical structures of E-MISA theranostic with chemotherapy probes 18, 19, and 20 (containing chemodrugs). (a) Chemical
structures of probes 18 and 19. (b) Longitudinal NIR FLI of H460 tumor-bearing mice after i.v. injection of probe 18 and its control probes (II
lacking the recognition unit and III lacking the self-assembly unit compared with probe 18). The images were obtained at 1, 4, 12, and 24 h and 5
days postinjection. (c) Tumor volume changes of H460 tumor-bearing mice after i.v. injection of PBS, free DOX, 19-control, or 19 (based on the
DOX dosage of 2.0 mg/kg). Black arrows indicate the i.v. injection time. (d) Chemical structure of probe 20 and its proposed sequential ALP-
triggered dephosphorylation self-assembly and following GSH-triggered disassembly process mechanism. (e) Representative dual channels of PA
images (at 700 and 750 nm) of HeLa tumor-bearing mice that received an i.v. injection of probe 20 (100 μM, 200 μL) at 0 (pre), 1, 2, 4, and 8 h.
(f) Representative bioluminescence (BL) images of HepG2/Luc orthotopic liver tumor-bearing mice at 0, 3, 6, 9, 12, and 15 days following PBS or
probe 20 (2.25 mg kg−1 Pt, 200 μL i.v. injection at days 0, 3, 6, 9, and 12) treatments. The red arrows indicate the tumor site nodules in the liver
region. Reproduced from refs 106 (CC BY 4.0) and 82 (CC BY 4.0).
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hydrophobic peptide (KLVFFAECG) to promote molecular
self-assembly into nanofibers (NFs), and a function molecule,
cyanine dye (Cy) for NIR FLI (18) or DOX for chemotherapy
(19) (Figure 7a). After i.v. injection of these probes into H460
tumor-bearing mice, the AVPIAQK specifically bonded to
tumor cells overexpressing XIAP, triggering the downstream
casp-3/7 activation. This activation led to the subsequent
cleavage and self-assembly process, resulting in the in situ

transformation of Cy-containing nanofibers (18-NFs) or
DOX-containing nanofibers (19-NFs), which promoted long-
term retention and accumulation of NFs within the tumor
cells. Consequently, strong NIR FLI and significant anticancer
efficacy could be achieved in living mice treated with probe 18
or 19 in vivo (Figures 7b,c).
To visualize the sequential cisplatin prodrug delivery and

release process in tumors via the NIR FLI/PAI bimodal

Figure 8. Chemical structures of E-MISA theranostic probes (not containing chemodrugs) for chemotherapy. (a) Chemical structure of probe
21. (b) Confocal imaging of Saos2 cells after incubation with probe 21 (containing D-amino acid residues) for 4 h followed by staining with Mito-
tracker. (c) Chemical structure of probe 22. (d) IC50 values (24 h) of probe 22 and its control probe 22-C (lacking the H2PO3 group) against ALP-
positive HeLa, A2780cis, and OVSAHO cancer cells and ALP-negative normal HS-5 cells. (e) Chemical structure of probe 23. (f) Confocal
imaging of HeLa cells: in the top row, cells were stained with CellLight Golgi-RFP after being incubated with probe 23 for 8 min; in the bottom
row, cells were incubated with probe 23 for 1, 4, and 8 min. (g) Chemical structure of probe 24. (h) IC50 values of probe 24 against ALP-positive
HeLa cancer cells and ALP-negative normal HEK-293 or HS-5 cells. (i) Chemical structure of probe 24 and (j) the proposed mechanism to
regulate the tumor microenvironment (TME) for inhibiting bladder cancer recurrence. (k) Representative NIR FL images of EJ xenograft mice
after i.v. injection of probe 25-Cy (500 μM, 100 μL) and its control probe PepCXCR4 (500 μM, 100 μL) at 1, 4, and 48 h. The black dotted circles
indicate the tumor regions. (l) Representative immunofluorescence staining images of the levels of Akt and Erk and their phosphorylated form
products pAkt and pErk in tumor tissues of saline- or probe 25-treated EJ tumor-bearing mice. Reproduced with permission from refs 83 (copyright
2016 American Chemical Society), (copyright 2018 American Chemical Society), 85 (copyright 2021 Wiley-VCH), and 78 (CC BY-NC 4.0).
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imaging, Ye and colleagues recently developed the E-MISA
theranostic probe 20 (P-CyPt) employing an ALP-triggered in
situ self-assembly and intracellular GSH-induced disassembly
strategy (Figure 7d).82 Unlike their previously reported E-
MISA molecular imaging probes, probe 20 contained a
hydrophilic clinical first-line chemodrug, cisplatin prodrug
(Pt(IV)), instead of DOTA-Gd (14) or NODA-68Ga (15),
ensuring good water solubility. Upon hydrolysis by ALP, probe
20 self-assembled into dual channels of PA signals (700 and
750 nm) and NIR FLI signals-enhanced Pt(IV) nanoparticles
(PtIVNPs) on the tumor cell membrane. Once these PtIVNPs
were taken up by tumor cells, they could be rapidly reduced by
GSH, leading to the burst release of high-cytotoxicity Pt(II)
and induction of the disassembly process. Consequently,
during the disassembly process, the NIR FLI signal was
enhanced again, while the PA signal at 750 nm decreased and
the PA signal at 700 nm remained nearly unchanged. This
dynamic change in PAI/NIR FLI signals enabled the real-time
monitoring of cisplatin prodrug delivery and release. Following
i.v. injection of probe 20 into s.c. HeLa tumor-bearing mice,
strongly enhanced NIR FLI and significant dual PAI signals
were observed at 2 h due to the ALP-triggered in situ self-
assembly process. Subsequently, with the succeeding intra-
cellular GSH-induced disassembly initialized, the NIR FLI and
PA signals at 700 nm remained strong but the PA signal at 750
nm decreased to the baseline at 4 h (Figure 7e). Moreover, the
sequential ALP-triggered in situ self-assembly and intracellular
GSH-induced disassembly strategy that enhanced drug delivery
and accelerated cisplatin release process effectively suppressed
the growth and metastasis of orthotopic HepG2 liver cancer
tumors (Figure 7f). In addition to the direct use of cytotoxic
chemodrugs, E-MISA theranostic probes capable of selectively
accumulating in cellular organelles (e.g., mitochondria,
endoplasmic reticulum, and Golgi apparatus) to exert
cytotoxicity against tumor cells have also been successfully
reported.160 In 2016, Xu and colleagues developed the first
ALP-responsive mitochondria-targeting E-MISA probe (21)
for selectively killing tumor cells and avoiding the acquired
drug resistance (Figure 8a).83 Probe 21 contained an ALP-
recognition hydrophobic Phe-Phe-Tyr(H2PO3)-Lys tetrapep-
tide, an environment-sensitive fluorophore (4-nitro-2,1,3-
benzoxadiazole, NBD) for FLI, and a mitochondria-targeting
part (triphenylphosphinium, TPP). Once probe 21 was
incubated with ALP-overexpressing cancer tumor (e.g.,
Saos2) cells, probe 21 was dephosphorylated by ALP and in
situ self-assembled into NBD-containing nanoaggregates on
the tumor cell membrane. These nanoaggregates were
subsequently internalized into lysosomes via an endocytosis
process by tumor cells. The authors found that the NBD-
containing nanoaggregates could escape from the endosome/
lysosome and actively target mitochondria at 4 h (Figure 8b).
The large number of TPP groups on nanoaggregates could
multivalently combine with the mitochondria, resulting in
disruption of the mitochondria function to selectively kill
cancer cells. Moreover, the authors demonstrated that this
process uses nonspecific cytotoxic agents to selectively kill
cancer cells without inducing the acquired drug resistance.
In addition to targeting mitochondria for inducing cancer

cell death, specific targeting of the endoplasmic reticulum (ER)
can also effectively kill tumor cells. In 2018, Xu’s group
reported an ER-targeting E-MISA probe for selective killing of
cancer cells (Figure 8c).84 Based on probe 21, they optimized
the E-MISA scaffold by substituting the former NBD group

with a 2-naphthylacetyl (Nap) group to enhance aromatic−
aromatic interactions and replaced the former D-lysine residue
with a positively charged L-homoarginine residue to facilitate
membrane interaction, resulting in the development of E-
MISA probe 22. Once dephosphorylated by ALP, probe 22
underwent in situ self-assembly into Nap-containing crescent-
shaped aggregates on the tumor cell membranes. Then the
membranes could be disrupted by these aggregates, which were
further internalized by tumor cells and subsequently targeted
to the ER. Accumulation of a large number of crescent-shaped
aggregates could induce ER stress, activating the cascade
caspase signals that ultimately led to significant tumor cell
death (Figure 8d).
Based on their former probes 21 and 22, Xu and colleagues

lately showed that by replacing the oxygen atom of the H2PO3
group with a sulfur atom, the ALP-responsive Golgi apparatus
(GA)-targeting E-MISA probe 23 could be designed to
selectively kill tumor cells (Figure 8e).85 Probe 23 could be
rapidly dephosphorylated by ALP and transformed to NBD-
containing thiopeptide assemblies after incubation with HeLa
cells. These thiopeptide assemblies were rapidly internalized by
tumor cells via the micropinocytosis and caveolin-mediated
endocytosis pathway, followed by specific binding with
cysteine-rich GA proteins via the disulfide bonds in thiopeptide
assemblies (Figure 8f). Overloaded thiopeptide assemblies in
the GA can effectively kill cancer cells. Moreover, replacing the
NBD group with a Nap group to enhance the self-assembly
process further decreased the IC50 of probe 24 against HeLa
tumor cells to 2.8 μM (Figure 8g,h).
Very recently, Wang and co-workers reported the MMP-2-

responsive bispecific glycopeptide E-MISA probe 25 (bsGP)
that simultaneously targeted CD206 on tumor-associated
macrophages (TAMs) and CXCR4 on tumor cells, enabling
regulation of the tumor microenvironment (TME) and
inhibition of bladder cancer recurrence.78 Probe 25 contained
three mannoses for specific targeting and modulating TAMs, a
CXCR4-specific bound peptide LGASWHRPDK, an MMP-2-
specific recognized substrate PLGYLG peptide linker, and a
hydrophobic peptide KLVFFAECG for molecular self-
assembly (Figure 8i). Following i.v. injection of probe 25
into mice with an orthotopic EJ bladder tumor, it could rapidly
diffuse and accumulate in the tumor tissues. They showed that
probe 25 could efficiently target the M2-like TAMs in tumor
tissues, repolarize them to the M1 phenotype, and sub-
sequently increase the recruitment of CD8+ T cells, potently
remodeling the immunosuppressive TME. Moreover, within
the tumor region, probe 25 could be cleaved by MMP-2,
resulting in the release of the tumor-targeting CXCR4 residue.
These released residues spontaneously self-assembled into
nanofibers (25-NFs) that specifically bound to and sustainably
arrested CXCR4 signaling in bladder tumor cells. This process
could reduce tumor fibrosis and facilitate T cell infiltration,
ultimately leading to a decrease in the recurrence of orthotopic
bladder cancer (Figure 8j). In vivo NIR FLI showed that the
NIR cyanine dye-containing bispecific glycopeptide probe 25-
Cy had more accumulation and retention in the EJ tumor
tissues compared to the control probe (PepCXCR4), which
merely targeted CXC4 (Figure 8k). The immunofluorescence
staining results further confirmed that probe 25 could be
cleaved by MMP-2 and self-assembled into 25-NFs, which
sustainably inhibited CXC4 signaling. Consequently, this led to
downregulation of the phosphorylation levels of Erk and Akt,
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thereby inhibiting bladder tumor growth and migration in mice
(Figure 8l)
4.2. E-MISA Theranostic Probes for Phototherapy and/or
SDT

Phototherapy (e.g., PTT and PDT) has shown promise in the
treatment of superficial tumors because of the high
spatiotemporal capacity of light, which allows for precise
tumor therapy and reduces toxic side effects.161−164 In 2015,
Wang and colleagues developed the gelatinase-activatable E-
MISA theranostic probe 26 for PAI-guided PTT of tumors in
vivo.165 Probe 26 comprised a hydrophobic porphyrin (P18)
as the NIR PTT agent, a gelatinase-responsive PLGVRG
substrate linker peptide, and a hydrophilic tumor-targeting
peptide RGD ligand (Figure 9a). Following i.v. injection of
probe 26 into U87-xenografted tumor-bearing mice, it actively
targeted and enhanced accumulation at tumor tissue with the
RGD ligand. In tumor tissues positive for gelatinase, the
PLGVRG peptide of probe 26 was cleaved, releasing the
hydrophobic P18−PLG fragment. This fragment spontane-
ously underwent in situ self-assembly into PA signal-enhanced
P18-containing nanofibers (P18-NFs), resulting in strong PAI
signals observed in tumor foci of the probe 25-treated group
(Figure 9b). Guided by PAI signals, an NIR laser (λex = 730
nm; 150 mW) was applied 6 and 10 h after injection of probe
25, achieving effective PTT of U87 tumors.

In addition to PTT, Liang and colleagues recently designed
E-MISA theranostic probe 27 for oral tumor therapy by
combining PDT with a casp-3-responsive self-amplification
process.107 Probe 27 (Ac-DEVDD-TPP) consisted of an Ac-
DEVD substrate peptide for specific cleavage by casp-3 and an
NIR tetraphenylporphyrin (TPP) derivative photosensitizer
(PS) for PDT (Figure 9c). Upon submucosal injection of
probe 27 into cisplatin-pretreated orthotopic SCC7 oral
tumor-bearing mice, it was rapidly cleaved by casp-3 activated
by cisplatin, resulting in the formation of hydrophobic D-TPP.
D-TPP spontaneously self-assembled into TPP-containing
nanofibers (27-NFs) and accumulated around the mitochon-
dria of tumor cells. Guided by the NIR FLI signals, a 660 nm
laser (6 mW cm−2) was applied, leading to the production of
cytotoxic singlet oxygen (1O2) by 27-NFs, which induced
deeper apoptosis and simultaneously increased the activation
of more casp-3, further amplifying the apoptosis assembly
process. Moreover, the authors found that this cyclic
amplification mechanism could also significantly induce the
pyroptosis process in cancer cells. Several pyroptosis process
events were directly observed via scanning electron microscopy
(SEM) images of the probe 27-treated SCC7 tumor cells
(Figure 9d). Furthermore, this cyclic amplification strategy
significantly inhibited the growth of orthotopic SCC7 oral

Figure 9. E-MISA theranostic probes for phototherapy and SDT. (a) Chemical structure of E-MISA theranostic probe 26 for PTT in vivo. (b)
Representative PA images of U87 tumors that received i.v. injection of probe 26 or its control probe 26-C (no RGD ligand) (200 μM, 200 μL)
from 0.5 to 24 h. (c) Chemical structure of E-MISA theranostic probe 27 for PDT in vivo. (d) SEM images captured from SCC7 cells that were
pretreated with cisplatin and then incubated with 10 μM probe 27, 27-Control (Ac-DEDVD-TPP), or PBS for 4 h, followed by irradiation with a
660 nm laser (6 mW cm−2, 5 min). (e) Chemical structure of E-MISA probe 28 for SDT in vivo. (f) Representative PA images (λex = 808 nm) of
the tumor region after i.v. injection of probe 28, Control-1 (P18-AAGF), Control-2 (P18-AAR8), and free P18. Reproduced with permission from
refs 165, 107, and 110. Copyright 2015 Wiley-VCH, 2023 American Chemical Society, and 2024 American Chemical Society, respectively.
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tumors in mice in the probe 27 + cisplatin + laser-treated
group for up to 30 days.
SDT, with a higher penetration capability than photo-

therapy, is a highly promising method in modern therapy tools.
However, the low bioavailability and accumulation of the
sonosensitizers have hindered the outcomes. Recently, Liu and
co-workers utilized the E-MISA strategy and designed the cat
B-responsive probe 28 (P18-P) for SDT of tumors in vivo.110

Probe 28 comprised an R8 (RRRRRRRR) cell-penetrating
peptide to enhance the entrance capability into tumor cells, a
substrate linker peptide (GFLG) for specific cleavage by cat B,
a self-assembly structural motif peptide (AA), and a porphyrin-
based derivative P18 for PAI and SDT (Figure 9e). Following
i.v. injection of probe 28 into s.c. HepG2 tumor-bearing mice,
it deeply diffused into tumor tissues. The cell-penetrating R8
peptide increased the tumor cells internalization of probe 28.
Once probe 28 entered tumor cells, the cat B-triggered in situ
self-assembly process was initiated, resulting in the generation
of substantial PA signal enhancement P18-containing nano-
particles (28-NPs) in the tumor region. Due to the enhanced

accumulation and retention of 28-NPs, strong PAI signals were
observed in the tumor region (Figure 9f). Guided by the PAI
signal, ultrasound irradiation (1 mHz, 0.97 W/cm2, 5 min, 40%
cycle) was applied, boosting reactive oxygen species (ROS)
generation and improving SDT efficacy in vivo.
4.3. E-MISA Theranostic Probes for Combination Therapy

Combination therapy, which involves the use of two or several
therapeutics for the treatment, has demonstrated significant
advantages over monotherapy, particularly in overcoming drug
resistance and improving treatment outcomes.166−168 In 2021,
Liu and co-workers reported the ALP-responsive E-MISA
probe 29 (Npx-Pp-Pt(IV)) for combination therapy of
tumors.86 Probe 29 comprised two ALP-recognition hydro-
phobic Phe-Phe-Tyr(H2PO3) tripeptides for self-assembly; two
nonsteroidal anti-inflammatory drug (naproxen, Npx) mole-
cules to suppress the cyclooxygenase-2 (COX-2)-related
pathway, which was associated with cisplatin resistance; and
a GSH-responsive cisplatin prodrug Pt(IV) linker (Figure
10a). Following i.v. injection of probe 29 into ALP-
overexpressing HeLa tumor-bearing mice, it rapidly diffused

Figure 10. E-MISA probes for combination therapy or antibacterial infection. (a) Chemical structure of probe 29 for chemodrug/resistance
inhibitor combination therapy. (b) Representative immunofluorescence staining images of COX-2, p65, and cleaved casp-3 in tumor tissues with
indicated treatment of HeLa tumor-bearing mice. Scale bar: 100 μm. (c) Chemical structure of probe 30 for PTT/autophagy inhibitor combination
therapy. (d) Representative thermal images of HepG2 tumor-bearing mice that received i.v. injection of PBS or probe 30. Images were captured
before (0 min) or after (1−5 min) irradiation with an 808 nm NIR laser (0.3 W cm−2). (e) Chemical structure of probe 31 for anti-S. aureus
infection therapy. (f) Representative images of S. aureus-infected mice at day 3 with different treatments. Reproduced with permission from refs 86,
87, and 169. Copyright 2021, 2021, and 2023 Wiley-VCH, respectively.
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into the tumor site and initiated the subsequent ALP-triggered
in situ self-assembly process. This process enhanced the
accumulation and retention of cisplatin-containing nanofibers
(29-NFs) in the tumor region. Once the 29-NFs were
internalized by tumor cells, the cisplatin prodrug Pt(IV)
could be reduced by GSH, transforming into Pt(II) to produce
chemotherapy efficacy. Simultaneously, the Npx in 29-NFs
could suppress the COX-2-related pathways, thereby alleviat-
ing activation of the cisplatin-resistance-related pathways and
enhancing the combination therapy efficacy of tumors. The
authors demonstrated that probe 29-treated tumor-bearing
mice exhibited decreased levels of COX-2 expression. This
decrease in the level of COX-2 expression further inhibited
NF-κB expression (p-p65, a major component of NF-κB) and
promoted the levels of cleaved casp-3 expression (Figure 10b).
These changes collectively enhanced the efficacy of combina-
tion therapy in vivo.
In addition to using chemodrugs and resistance inhibitors in

the E-MISA probe for combination therapy, the incorporation

of the autophagy inhibition drug hydroxychloroquine (HCQ)
with PTT could also achieve combination therapy efficacy.
Based on this concept, in 2021 Liang and co-workers reported
the E-MISA theranostic probe 30 (Cyp-HCQ-Yp) for mild-
temperature PTT of tumors.87 Probe 30 comprised an ALP-
recognition hydrophobic Phe-Phe-Lys-Tyr(H2PO3) tetrapep-
tide for self-assembly, the carboxylesterase (CES)-responsive
autophagy inhibitor HCQ, and the NIR dye cypate as a PTT
agent and promoter of self-assembly (Figure 10c). Following
i.v. injection of probe 30 into ALP- and CES-overexpressing
HepG2 tumor-bearing mice, the probe could easily diffuse into
the tumor site and proceed via an ALP-triggered dephosphor-
ylation process. This process could generate tumor-membrane-
anchored CyP-HCQ-Y, beneficially enhancing tumor cell
uptake of CyP-HCQ-Y. Once the Cyp-HCQ-Y was internal-
ized by tumor cells, it could be further cleaved by intracellular
CES, leading to release of Cyp-Y and HCQ. The released Cyp-
Y spontaneously self-assembled into photothermal-enhanced
Cyp-containing nanoparticles (30-NPs) in the tumor region.

Figure 11. Integration of the E-MISA process with the IEDDA reaction for pretargeted imaging. (a) Chemical structure of probe 32 and the
proposed pretargeted imaging using the E-MISA strategy and the bioorthogonal IEDDA reaction. (b) Chemical structure of probe 33 and the
longitudinal fluorescence imaging of (top) drug-treated (10 μM cisplatin) and (bottom) untreated 460 tumor-bearing mice following i.t. injection
with probe 32 (10 nmol) and i.v. injection with probe 33 (5 nmol) after 30 min. The images were captured 5−90 min after injection of probe 33.
(c) Chemical structure of probe 34 and PET imaging of nude mice with (top) cisplatin-treated and (bottom) untreated H460 tumor at 1, 8, 24,
and 48 h. Mice received i.t. injection of probe 32 (5 nmol) followed by i.v. injection of 34 (ca. 400 mCi). (d) Chemical structures of E-MISA
probes 35, 36, and 37 for pretargeted imaging in vivo. (e, f) Longitudinal FL imaging (IR 780) and (f) PET imaging of HeLa tumor-bearing mice
receiving i.v. injection of probe 37 (25 μM, 200 μL) at 0 (pre), 0.5, 1, 2, and 4 h or i.v. injection of probe 36 (∼7.4 MBq) at 10, 30, 60, 90, and 120
min, respectively. Before injection of probe 37 or 36, probe 35 (50 μM) was pretreated at 4 h, and the FL images (Cy-Cl) were captured at 4 h
after the indicated injection. Reproduced with permission from refs 108 and 88. Copyright 2020 and 2021 Wiley-VCH, respectively.
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Upon irradiation with NIR light (808 nm, 0.3 W cm−2, 5 min),
enhanced PTT effects were produced in the tumor region.
Meanwhile, with the released HCQ within tumor cells, the
autophagy process was inhibited, and the thermoresistance of
tumor cells was decreased. Consequently, the PTT efficacy of
probe 30 was enhanced. The in vivo data validated that the
dual-enzyme-controlled E-MISA probe 30 significantly en-
hanced thermal signals and simultaneously inhibited the
autophagy process to enhance mild-temperature PTT efficacy
in HepG2 tumors (Figure 10d).
The E-MISA strategy could also be utilized to precisely

guide antibiotics to eliminate intracellular Staphylococcos aureus
infection in vivo. Liang and co-workers recently designed the
adamantane (Ada)-containing antibiotic-peptide E-MISA
probe 31 (Cip-CBT-Ada) for tandem guest−host receptor
recognitions to precisely guide ciprofloxacin (Cip) elimination
of intracellular S. aureus.169 Probe 31 consisted of an antibiotic
Cip drug for elimination of bacteria infection, a CBT−Cys
scaffold, a cap-1-responsive Tyr-Val-Ala-Asp substrate peptide,
and an Ada guest for specific recognition with its host β-
cyclodextrin-heptamannoside (CD-M) (Figure 10e). They
utilized the guest−host recognition force between probe 31
containing the Ada guest and the CD-M host to yield 31/CD-
M (Cip-CBT-Ada/CD-M). Following s.c. injection of 31/CD-
M into S. aureus-infected mice, it specifically targets the

infected foci macrophage surface’s mannose receptor via
multivalent ligand−receptor recognition, promoting the
internalization of 31/CD-M by the macrophage cells. Due to
both the presences of GSH and casp-1 in S. aureus-infected
macrophages, the S-t-Bu-group and Tyr-Val-Ala-Asp substrate
peptide were removed. Subsequently, the biocompatible
condensation reaction triggers a self-assembly process and
transforms into Cip-containing nanoparticles (31-NPs)
trapped within the S. aureus-infected macrophages to eliminate
intracellular S. aureus infection. The authors demonstrated that
31/CD-M could effectively eliminate the S. aureus bacteria and
prevent further development of infection, significantly
decreasing the infected tissue area observed in 31/CD-M-
treated mice (Figure 10f). In the future, more antibacterial
infection E-MISA strategies could be designed for various
enzymes that are highly expressed on bacterial infected
regions.170

5. E-MISA PROBES FOR PRETARGETED IMAGING
AND THERANOSTICS OF TUMORS

The E-MISA strategy, due to its significant enhancement of
functional nanoaggregate accumulation and retention in
specific regions of interest, has prompted researchers to
consider the potential utility of these accumulated nano-

Figure 12. E-MISA strategy with IEDDA reaction for pretargeted therapeutics in vivo. (a) Chemical structures of probes 38 and 39. (b)
Representative SPECT/CT images of i.v. coinjection of probe 38 (50 mg kg−1) and its 125I-labeled probe 38-125I (0.875 mg kg−1, 700 μCi) at
different time points postinjection. The white dotted circles indicate the tumor region. (c) UPLC-MS/MS analysis of activated DOX in the tumor,
liver, and plasma after i.v. injection of probe 38 (50 mg kg−1) followed by i.v. injection of probe 39 (30 mg kg−1) after a 2 h interval (n = 5). (d)
Chemical structures of probes 35, 40, and 41 and NIR dye NIR 775. (e) Longitudinal FL imaging (NIR 775) of HeLa tumor-bearing mice
receiving i.v. injection of probe 40/41 (4/1, 25 μM in total) at 0 (pre), 2, 4, 8, 12, and 16 h. Before injection of probes 40/41, probe 35 (50 μM)
was pretreated at 4 h, and the FL images (mCy) were captured before (0 h) and 4 h after indicated injection. (f) Photographs of s.c. HeLa tumors
in living mice upon indicated treatments. Mice with s.c. HeLa tumors were i.v. injected with saline (200 μL) or probe 35 (1.0 mM, 200 μL). After 4
h, probes 40/41 (1/4, 250 μM, 200 μL) were i.v. injected, followed by irradiation with the 808 nm laser (0.33 W cm−2, 10 min) at 12 h.
Reproduced with permission from ref 89 (CC BY 4.0) and 90 (copyright 2023 Wiley-VCH).
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aggregates as “artificial receptors”. Leveraging these nano-
aggregates combined with other functional molecules via
bioorthogonal reactions, pretargeted imaging and/or thera-
nostics in vivo can be achieved.171−173 Based on this idea and
the concept, Rao’s group leveraged the optimized biocompat-
ible intramolecular macrocyclization reaction between pyr-
imidinecarbonitrile and D-Cys with the inverse-electron-
demand Diels−Alder (IEDDA) reaction between tetrazine
(Tz) and trans-cyclooctene (TCO) and developed the E-MISA
probe 32 for protease activity multimodality imaging in vivo in
2020.108 Probe 32 (TCO-C-SNAT 4) contained a TCO
handle for rapid reaction with Tz tags (33 and 34) via the
IEDDA reaction, a casp-3/7-responsive DEVD substrate
peptide, and a GSH reduction disulfide bond. Upon cleavage
by casp-3 and reduction by GSH, probe 32 underwent an
intramolecular macrocyclization reaction and in situ self-
assembled into TCO-handle-containing nanoparticles (32NPs-
TCO, Cycl-TCO-SNAT4). 32NPs-TCO rapidly captured Tz-
bearing imaging tags via the fast IEDDA reaction, forming
Cy5- or 64Cu-containing nanoparticles (32-NPs) for NIR FLI
or PET in vivo (Figure 11a). Following i.t. injection of probe
32 into cisplatin-treated H460 tumor-bearing mice, it under-
went conversion into 32NPs-TCO in apoptotic tumor tissues
via casp-3/7 and GSH-reduced intramolecular macrocycliza-
tion and a self-assembly process. Subsequent i.v. injection of
Tz tag probe 33 or 34 resulted in significant enhancement of
NIR FL or a strong PET signal in cisplatin-treated H460
tumor-bearing mice, respectively. Moreover, this E-MISA
pretargeting strategy significantly enhanced the accumulation
of imaging tags in the tumor region, with NIR FL lasting for
100 min, and the PET imaging signal retention for up to 2 days
in the tumor region (Figure 11b,c).
Based on this cascade E-MISA strategy and IEDDA reaction,

Ye and colleagues established an activatable pretargeted
approach for NIR FL/MRI/PET multimodal imaging of ALP
activity in vivo.88 Based on the structure of probe 14, they
further introduced a lysine residue decorated with a TCO
handle into probe 14 and designed probe 35 (P-FFGd-TCO)
to enable the bioorthogonal IEDDA reaction (Figure 11d).
Following i.v. injection of E-MISA probe 35 into HeLa tumor-
bearing mice, the probe 35 was extravasated and penetrated
into the tumor tissues due to the small molecule and
hydrophilic capabilities. Once dephosphorylated by the
overexpressed ALP on the tumor membrane, probe 35
underwent rapid in situ self-assembly and transformed into
TCO-containing nanoparticles with NIR FL and MRI signals
both increased. A large number of TCO-bearing nanoparticles
(>109 TCO per cell) could anchor on the tumor surface, which
could serve as “artificial antigens” to bypass the limited number
of natural antigens on a single tumor cell (∼106 per cell).174,175
After i.v. injection of fluorescent IR780-labeled Tz tag (37) or
radioactive 68Ga-labeled Tz tag (36), the membrane-residing
“artificial antigens” permitted the substantial capture of the Tz
tags through the rapid IEDDA reaction between the TCO
handles and the Tz tags. This increased the retention and
accumulation of IR780 or the 68Ga radioisotope at the tumor
foci. Consequently, bright NIR FLI signals of IR780 or PET
signals from [68Ga] could be observed in the probe 35-
pretreated group (Figure 11e,f).
In addition to using E-MISA with a pretargeted strategy for

molecular imaging, researchers have explored its application for
drug release or therapy in vivo. In 2018, Gao and co-workers
reported the ALP-responsive E-MISA probe 38 with Tz/TCO

bioorthogonal decaging reaction to trigger the activation and
release of a DOX prodrug in vivo (Figure 12a).89 Probe 38
comprised a Nap group to enhance the self-assembly, an ALP-
responsive Lys-Tyr(H2PO3)-Phe tripeptide linker, and a Tz
handle for the IEDDA bioorthogonal reaction. Following i.v.
coinjection of 38 and its 125I-labeled probe 38-125I into ALP-
overexpressing s.c. HeLa tumor-bearing mice, strong single-
photon emission computed tomography/computed tomogra-
phy (SPECT/CT) imaging signals were observed in the tumor
region at 2 h, indicating the accumulation of dephosphorylated
products of probe 38 at the tumor site (Figure 12b). Following
i.v. injection of the DOX prodrug probe 39 (TCO−DOX),
TCO−DOX was activated and released DOX in tumor foci via
the IEDDA decaging reaction, resulting in effective chemo-
therapy in the tumor region (Figure 12c).
By leveraging the E-SIMA strategy with the IEDDA reaction,

concurrent enrichment of two therapeutic agents for
synergistic tumor therapy in vivo could also be achieved.
Ye’s group recently integrated their previously reported E-
MISA probe 35 for pretargeted dual-channel NIR FL (710 and
780 nm)/MRI bimodal imaging-guided synergistic PDT in
vivo (Figure 12d).90 They synthesized two new Tz-tagged
therapeutic agents, including 40 (a small-molecule carbonic
anhydrase (CA) inhibitor) and 41 (an NIR PS-encapsulated
nanoparticle). Following i.v. injection of 35 into HeLa tumor-
bearing mice, a large amount of NIR FLI (mCy)/MRI signals-
enhanced TCO-containing nanoparticles (35NPs-TCO) were
observed in the tumor region, resulting from the ALP-triggered
in situ self-assembly process. Concurrently, i.v. injection of
probes 40 and 41 led to more pronounced NIR FLI of NIR775
in the tumor region of the probe 41-treated mice compared to
the control (no Tz tag) probe 41-C-treated mice. The results
indicated that E-MISA with the IEDDA bioorthogonal strategy
could trap and enhance the accumulation of more NIR PSs in
tumor tissues than the approach that solely relied on the
enhanced permeability and retention (EPR) effect to enhance
the accumulation of PSs in tumor tissues (Figure 12e).
Furthermore, the IEDDA reaction between probe 35, 40, and
41 induced the regrowth of nanoparticles (35-NPs-TCO) and
their transformation into multifunctional microparticles
(FMNPs-775/SA) trapped in the tumor region. The long-
time residue of FMNPs-775/SA could sustainably inhibit the
activity of CA, alleviating the hypoxic environment of tumors.
Consequently, this significantly enhanced the synergistic PDT
of hypoxic tumors. The anticancer results demonstrated that
s.c. HeLa tumors (∼200 mm3) were completely eradicated
without recurrence after a single 10 min session of 808 nm
laser (0.33 W cm−2) irradiation (Figure 12f). This strategy
holds potential as a general approach for the simultaneous
accumulation of other therapeutic drug molecules, achieving
synergistic therapy of tumors.

6. CONCLUSIONS AND OUTLOOK
In this Perspective, we have summarized the design principles
and construction strategies of E-MISA probes, focusing on
their applications in molecular imaging and/or theranostics in
vivo. We have primarily focused on the recent advances in the
development of different E-MISA probes for in vivo imaging
and theranostics of tumors by targeting extracellular or
intracellular enzymes. The E-MISA probes have the following
advantages for in vivo imaging and/or theranostics. The E-
MISA strategy utilizes small-molecule probes, which have deep
tissue penetration ability. The small size of the E-MISA probes
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allows for rapid extravasation and penetration into tumor
tissues after systemic administration. Subsequently, they can
undergo the E-MISA process and transform into nano-
aggregates in the tumor regions. These large-size nano-
aggregates have reduced diffusion compared to the small-
molecule precursors, benefiting prolonged retention and
enhanced accumulation of molecular agents or therapeutic
agents in the tumor tissues. This results in high signal to
background ratio (SBR) imaging signals or enhanced
anticancer efficacy in vivo.82,105 Also, E-MISA enables
multimodal imaging and/or combination therapy effects in
vivo. The multimodality imaging E-MISA probes serve as
powerful tools for achieving more accurate and comprehensive
imaging of enzyme activity in vivo. The sustained catalytic
activity of enzymes facilitates the accumulation of numerous
imaging functional molecules in tumor tissues, thereby
addressing the requirements of MRI, which necessitates a
high tissue penetration depth but with low sensitivity.
Consequently, the combination of highly sensitive FLI with
MRI can furnish high sensitivity and deep tissue imaging
information in vivo, thereby facilitating precise preoperative
diagnosis and intraoperative tumor resection via a bimodality-
imaging-guided process.80 Therefore, the use of E-MISA
multimodality imaging probes is advantageous in providing
molecular information on a target enzyme in vivo. In terms of
therapy, the E-MISA strategy enables the accumulation of a
large number of multifunctional therapeutic molecules in
tumor tissues, achieving synergistic therapeutic effects. For
instance, the combination of the PTT agent Cyp with the
autophagy inhibitor CHQ enhanced the mild-temperature
PTT efficacy for HepG2 tumor-bearing mice.87 Additionally,
the small size of E-MISA theranostic probes allows for rapid
clearance from nonspecific regions and evasion of RES
trapping, thereby reducing the risk of systemic side effects;
E-MISA combined with pretargeted strategies enables the
reassembly of nanoparticles and the modification of functional
molecules in vivo. By capitalizing on the accumulation and
retention ability of E-MISA probes to gather a large quantity of
functional nanoaggregates in tumor tissues, the incorporation
of bioorthogonal moieties into E-MISA probes facilitates the
targeted installation of artificial functional nanoaggregates in
tumor tissues. With the highly effective and sustained catalytic
activity of enzymes, the accumulated bioorthogonal moieties
far surpass the number of known natural antigens. Con-
sequently, by utilizing these bioorthogonal functional-group-
containing nanoaggregates as artificial antigens, subsequent
large-scale trapping of imaging or therapeutic functional
molecules containing bioorthogonal tags occurs rapidly
through bioorthogonal reactions upon reaching the tumor
tissue. This process permits reassembly and modification of
functional molecules at the tumor site, achieving multimodality
imaging and/or synergistic therapeutic effects in vivo.88,90

In the last decades, E-MISA molecular probes have made
significant advancements in molecular imaging and theranos-
tics. However, this field still faces several challenges. (1)
Precise control of the size, morphology, and functionality of E-
MISA probes in vivo presents a formidable challenge.
Manipulating the size, morphology, and functionality of the
E-MISA process to generate aggregates within the highly
dynamic and complex environment of living organisms remains
challenging. It is possible to precisely control the size,
morphology, and functionality of E-MISA probes by designing
novel dyes or peptide molecules or integrating other reactions

or forces to fine-tune the self-assembly process. (2) The E-
MISA probes are subject to limitations due to their short blood
circulation time and rapid clearance in vivo. This results in a
significant reduction in their bioavailability in living subjects.
The use of polymer structures to modulate the probes’ size,
charge, and hydrophilicity/hydrophobicity may offer a
promising approach to addressing the limitations of small-
molecule pharmacokinetics in vivo and maintaining strong
tissue penetration. (3) Effective translocation into cells for
efficient intracellular E-MISA process must be improved.
Enhancing the cell-penetrating ability of E-MISA probes is
crucial for improving intracellular enzyme (furin or casp)
activation responses in the E-MISA process. Strategies
involving alterations in the tumor extracellular microenviron-
ment or enzyme-responsive charge conversion could signifi-
cantly increase the probe uptake by converting small molecules
originally with negative or neutral charge into positively
charged molecules. (4) The specificity of the E-MISA strategy
can be improved. It is evident that certain enzyme expression
sites are not exclusively within the designated sites in biological
organisms. For instance, GGT and ALP have low levels in the
blood,176 whereas MMPs are released from MMP-over-
expressing tumors into the blood. The presence of enzymes
in the blood may contribute to elevated background signals,
reduction of the SBR, or even production of adverse effects in
vivo.177 To address this issue, the use of bienzyme- or
multienzyme-activatable E-MISA probes may prove to be an
effective strategy for reducing nonspecific background signals
and enhancing imaging and/or therapeutic effects in vivo.178

In the future, the development of E-MISA is expected to
exhibit a more diverse, precise, and clinical trend. Diversity is
reflected in applying the E-MISA strategy with other
controlled, rapid, accurate release methods (such as pH,
GSH, ROS, light, US, etc.) or leveraging other bioorthogonal
reactions (such as azide click reaction,179 IEDDA reaction,
CBT−Cys reaction, etc.) to concurrently accumulate various
functional components (such as toxins,180 radioactive drugs,181

STING agonists,182 immune vaccines,183 etc.) at the tumor
site. This could establish some versatile diagnostic and
therapeutic platforms for various disease therapies in vivo
and extend precise control of the E-MISA process to
subcellular organelle structures. The regulation of the E-
MISA strategy to the refined and enclosed subcellular organelle
structures could exploit the advantages of nanoaggregates, such
as prolonged residence time and multibinding site forces, to
facilitate intervention, regulation, or even disruption of the
organelle functions or behaviors. This could facilitate the
regulation of the entire cell, tissue, and even the entire
biological system. Clinical application of the E-MISA strategy
has demonstrated its potential for precise imaging-guided
surgical resection and achieving synergistic therapy under
imaging guidance. It is of paramount importance to reduce
potential toxicity effects, such as potential long-term retention
toxicity, off-target toxicity, or immune responses from E-MISA
probes or transformed nanoaggregates in clinical settings. One
potential solution is to select some biocompatible and
degradable organic materials to minimize the toxicity effects
of E-MISA probes. Nevertheless, note that some organic
fluorophores present in E-MISA probes are unable to degrade
in vivo. It is therefore of the utmost importance to consider the
controlled disassembly of these materials and to facilitate their
clearance from the human body once they have fulfilled their
imaging or therapeutic functions in vivo. Some E-MISA probes
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are cleared predominantly via the hepatic pathway because the
probes’ fluorophores bind with proteins in the blood, thus
forming larger-size complexes. This results in the probes being
trapped by the RES and accumulated by the liver, which
metabolizes only via the hepatic system. The hepatic clearance
system exhibited a clearance rate that was considerably lower
than that of the kidney clearance system, which could increase
the potential for toxicity risks in vivo.29,184 Consequently, the
hydrophilic unbound protein and controllable degradable E-
MISA probes present a more promising avenue for future
clinical applications.
Therefore, developing smart E-MISA probes is imperative to

tackle the challenges and potential issues mentioned earlier.
This Perspective is expected to provide some guidance for
creating novel methods, imaging agents, and theranostic
probes using the E-MISA strategy. Future advancements are
expected to generate more E-MISA probes with smart
functionalized properties. These probes are anticipated to
play a pivotal role in the fields of chemistry, biology, and
medicine.
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