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ty and Ins
A B S T R A C T

Caspases are a family of proteases that play critical roles in controlling inflammation and cell death.
Apoptosis is a caspase-3 mainly controlled behavior to avoid inflammation and damage to surrounding
cells, whereas anomalistic cell apoptosis may be associated with many diseases. The detection and
imaging of caspase-3 will be of great significance in evaluating the early therapeutic effect of tumors.
Developing smart fluorescent probes may be helpful for the visualization of therapeutic effect compared
with “always on” probes. Thus,more andmoreworks toward activatable fluorescent probes for caspase-3
imaging have been reported. In addition, multifunctional probes have also been designed to further
improve the imaging of caspase-3. Herein, this review systematically summarized the representative
work of caspase-3 from the perspective ofmolecular design that it will play a guiding role in the design of
probes that respond to caspase-3. Also, challenges and perspectives toward the field for imaging of cell
apoptosis (caspase-3) are also discussed.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Apoptosis refers to the autonomous and orderly process of cell
death controlled by genes to maintain the stability of the internal
environment [1]. It involves the activation, expression, and
regulation of a series of genes including Bcl-2 family, Caspase
family, oncogene, etc. Among these various genes, Caspase family is
a protein system that directly leads to the disintegration of
apoptotic cells and plays an important role in maintaining
homeostasis [2,3]. Because the Caspase family proteases have
two major characteristics of cysteine proteases and specific
aspartate sites, they are also called Caspase proteases.

Up to now,14 kinds of Caspases have been discovered and most
of them are apoptotic initiators or effectors [4–6]. According to the
distinctive functions during the cascade reaction in the whole
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process of apoptosis, Caspases can be broadly divided into 3
categories: (1) Caspases existing as initiators usually include
caspase-2, caspase-8, caspase-9, caspase-10. Especially for cas-
pase-8 and caspase-9, they exist as inactive procaspase monomers
and can self-activate with the participation of other proteins and
activate downstream caspases; (2) Caspases existing as effectors
includes caspase-3, caspase-6, caspase-7. As for downstream of the
cascade reaction, caspase including caspase-3, caspase-6, caspase-
7 can be activated by upstream initiators and act on specific
substrates to cause cells to undergo biochemical and morphologi-
cal changes, thus leading to apoptosis; (3) Caspases that aremainly
involved in cytokine-mediated inflammatory response and play an
auxiliary role in the apoptosis pathway mediated by death
receptors. Such as, caspase-1, caspase-4, caspase-5, caspase-12
[7]. Although so many types of caspases have been discovered,
caspase-3 is the only one that has been thoroughly studied so far.
Once caspase-3 is activated, it will make the apoptosis process
inevitable so that it is also called death protease. Moreover,
caspase-3 is the main downstream effector caspase that cleaves
the majority of the cellular substrates in apoptotic cells [8,9].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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As an important executive protein, caspase-3 initially is
inactive in cells [10–13]. With the early state of the apoptosis
process, caspase-3 has been activated and cleaved itself under the
action of caspase-8, 9 and 10, then it forms an active enzyme
which has ability to cleave proteins [14–16]. What followed is to
break the DNA of the chromosome, then lead to damage of
nuclear and the formation of apoptotic bodies [17]. Therefore,
caspase-3 usually acts as a biomarker of apoptosis that could
reflect the efficacy of therapeutic for tumor in time to screen out a
more effective treatment to improve the survival rate of cancer
patients.

Not only an important role of caspase-3 plays in the process of
apoptosis, it also involved in the process of pyroptosis, a new form
of programmed cell death (PCD) accompanied by the release of a
large number of pro-inflammatory factors [18–21]. Comparedwith
apoptosis, pyroptosis occurs faster. The traditional cell pyroptosis
pathway is activated by caspase-1 which can cleave gasdermin D
(GSDMD) into the N-terminal and C-terminal [21,22]. Then, the N-
terminal section will cause cell membrane perforation and further
induce a series of cascade reactions including recruiting inflam-
matory factors to cause inflammatory death of cells [23–27]. A
recent report indicated that gasdermin E (GSDME) and GSDMD
have a [32_TD$DIFF]28% similar region [28], which can be specifically cleaved by
caspase-3 to induce pyroptosis by releasing N-terminal. Thus,
caspase-3 can also be used as a promoter of cell pyroptosis [28,29].
However, the content of GSDME inmost cancer cells is much lower
than that of normal cells [30–33].

Therefore, understanding the activity of caspase-3 is crucial
provide a guidance for further cancer treatment. Moreover,
anomalistic cell apoptosis may be associated with many diseases.
During several past decades. Many researchers have made great
contributions in this field, such as Rao, Ye and Liang etc. [34,35].
The visualization of caspase-3 is what researchers have pursued in
the past few decades. Up to now, there are many imaging
modalities for in vivo imaging of caspase-3 such as positron
emission computed tomography (PET) [36–38]/magnetic reso-
nance imaging(MRI) [39–45]/fluorescence (FL) etc. [46,47]. Among
them, fluorescence has the advantages of intuitive, non-invasive,
non-radiative, low-cost, and real-time imaging that it has been
widely used [48,49]. In recent years, research staff has combined
fluorophorewith caspase-3 responsive sites to construct a series of
probes for evaluating the therapeutic efficacy and exploring the
transformation between apoptosis and pyroptosis.

At present, although many published reviews provide a
summary of enzyme-activated probes, reviews focusing on the
enzyme caspase-3 are still rare [50,51]. Herein, this review
summarized the representative work of caspase-3 from the
perspective of molecular design that it will play a guiding role
in the design of probes that respond to caspase-3. It can be seen
that the development of probes has a tendency to develop from a
single responsive site to multi-responsive sites in this review. Last
but not least, challenges and perspectives toward the imaging of
caspase-3 are also discussed.

2. Single responsive for construction of “turn-on” fluorescence
probes

2.1. Probes combined with multiple quenching methods

Generally, most organic fluorescent probes for imaging
caspase-3 are designed based on the signal from “OFF” to “ON”.
Therefore, it is important to quench the fluorescence before the
activation of caspase-3. The earlier organic fluorescent probes used
for caspase-3 imaging are usually based on förster resonance
energy transfer (FRET). Moreover, aggregation-caused quenching
(ACQ) and intramolecular charge transfer (ICT) are applied in
quenching fluorescence. These quenching methods will be
introduced separately below.

2.1.1. Förster resonance energy transfer [33_TD$DIFF](FRET)
DEVD (Asp-Glu-Val-Asp) is the most commonly used peptide

substrate to be specifically hydrolyzed by caspase-3 [52]. Kwon [34_TD$DIFF]

et al. conjugated a DEVD linked near-infrared fluorescent dye Cy5.5
and branched poly[35_TD$DIFF](ethyleneimine) (PEI) backbone modified with
amphiphilic deoxycholic acid (DOCA) to synthesize a self-
quenching polymeric nanoprobe, Cy5.5-DEVD26-PEI-DOCA20

[53]. Due to the ACQ effect, the fluorescence of Cy5.5 in the
polymer nanoparticles was quenched. In the presence of caspase-
3/7, Cy5.5 was released from the polymer nanoparticles with the
hydrolysis of the DEVD peptide chain, and the fluorescence was
enhanced to image the caspase-3/7 in real-time toward TNF-
related apoptosis-inducing ligand (TRAIL)-treated HeLa cells.

However, self-quenching probes cannot effectively reduce the
interference from background signal that the method based on
FRET is considered to be a more promising way to image caspase-3
proteases. FRET is a mechanism describing distance-dependent
energy-transfer between two molecules. Owing to the overlaps
between emission spectrum of the donor moiety and the
absorption spectrum of the acceptor, an electronically excited
donor molecule transfers its energy via a nonradiative dipole–
dipole coupling to a ground-state acceptor molecule when the
spatial distance of the two molecules is within 10 nm, thus it will
be observed that the fluorescence of donor decreases while the
fluorescence of acceptor increases [54].

Responsive detection for caspase-3 controlled by the integrity
of DEVD is easily to realize when utilizing the process of FRET
between the fluorophore and the quencher. The energy transfer
between the fluorophore and the quencher leads to the fluores-
cence quenching. When the DEVD chain is hydrolyzed by caspase-
3, the fluorophore shows an enhanced fluorescence signal.
Piwnica-Worms and co-workers linked AlexaFluor 647 (the
fluorophore) and QSY21 (the quencher) to the two terminals of
a peptide containing DEVD fragment. Further, a cell-penetrating
peptide based on a sequence of Ac-RKKRRORRR [55] was
incorporated into the structure to improve the ability of cell
membrane penetration to obtain a fluorescent probe TcapQ647
(Fig.1a). The far-red fluorescence signal fromAlexaFluor 647 of the
probe could be turned on under caspase- [36_TD$DIFF]3/7 activation to achieve
fluorescence imaging at the cellular and in vivo levels [56,57].
Afterward, the group changed the original arginine-rich cell-
penetrating peptide sequence to lysine-rich Ac-KKKRKV to obtain
new probes KcapQ [58]. This change resulted in KcapQ having a
higher quenching efficiency and lower cytotoxicity than that of
TcapQ647.

Sometimes, traditional “turn-on” probes have almost no signals
after being activated by caspase-3, and the main reasons are
attributed to the weak caspase-3 activity, insufficient probe
concentration and improper probe cellular localization. Therefore,
detecting the ability of fluorescent substrates to enter the cells
would be of great significance in biology. Wagner [37_TD$DIFF]et al. reported a
FRET-based probe CDQ-DEVD-G-DEAC, in which 4-hydroxy-2-
metoxy-phenylazo benzoic acid was a chemically deactivatable
quencher (CDQ), 7-diethylamino-coumarin-3-carboxylic acid
(DEAC) was a fluorescent dye [59]. The fluorescence of such probe
could be turned on by responding to an enzyme or a chemical
reagent (sodium dithionite). Under the activation of caspase-3, the
fluorescence signal could be recovered to some extent with the
hydrolysis of the DEVD chain of parts of probes.

Moreover, the azo groups in CDQ could react readily and under
mild reduction conditions with dithionite. Consequently, residual
probes which not hydrolyzed by caspase-3 can further increased
the fluorescence through deactivating the quencher by dithionite
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Fig.1. (a) Schematic diagramof imaging caspasewith activatable fluorescent probe TcapQ647. Reproducedwith permission [55]. Copyright 2005, American Chemical Society.
(b) Schematic diagram of the design principle of the FRET-based probe with a chemically deactivatable quencher. Reproduced with permission [59]. Copyright 2012, Royal
Society of Chemistry.
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(Fig. 1b). Therefore, the probe enabled us to calculate the total
concentration and the conversion rate of the fluorescent substrates
to quantify the caspase-3 responsive activity in vitro. Simulta-
neously, this novel strategy allowed us to reveal unreacted probes
in cell conditions, thereby confirming the optimal incubation time
between cells and probes, also controlling internalization and
localization of the probe in living cells.

2.1.2. Combination of self-quenching and FRET
Compared with small molecule probes, nanoparticle-based

probes have improved circulation time and numerous functional
sites that can be used for further functionalization [60,61]. Thus,
nanoparticles can provide a promising platform where more
fluorophore-quencher energy transfer pairs can be attached to
obtain nanoprobes for the detection of caspase-3. Owing to ACQ
and FRET effects, nanoparticles-based fluorescent probes also
present higher quenching efficiency and lower background signals
[62].

Choi [38_TD$DIFF]et al. developed a novel apoptosis nanoprobe (Apo-NP)
through chemically conjugating NIR fluorogenic peptides (Cy5.5-
Gly-DEVDAPKGC-BHQ-3) on the surface of hyaluronic acid-based
polymeric nanoparticles (HA-NPs) [63]. Due to the efficient NIR
fluorescence quenching ability of quencher Black Hole Quencher-3
(BHQ-3) based on FRET effect and self-quenching of the Cy5.5 dye
based on ACQ, caspase-3-sensitive fluorogenic peptides were in a
strongly dual-quenched state. The fluorogenic peptides were
efficiently delivered into cells by the Apo-NP, and then cleaved by
caspase-3. Therefore, the boosting fluorescence signals from Cy5.5
dyes were allowed to image caspase-3 activity in real-time toward
apoptotic cells with a high resolution.

The nanoparticle-based probes always demonstrated the
passive targeting capabilities due to enhanced permeability and
retention (EPR) effect. Besides, nanoparticle-based probes could
further conjugate with targeting moieties including antibodies or
ligands to exhibit actively targeting ability, which further
improved the signal-to-noise ratio for imaging. Jiang and co-
workers designed and synthesized an effective FRET-based brain-
targeted detection nanoprobe (DGLs-RVG29-FRET) for imaging
apoptosis [64]. Such nanoprobe was constructed based on three
parts: (1) a biodegradable synthetic polymer, dendrigraft poly-L-
lysines (DGLs); (2) the brain-targeted peptide RVG29 (a rabies
virus glycoprotein-derived peptide which can pass the blood-brain
barrier through receptor-mediated transcytosis); (3) the caspase-3
cleavable peptide linker (DEVD) (Fig. 2a). The nanoprobe was
successfully applied to detect caspase-3 in apoptotic neuron that
provided opportunities for the early diagnosis of neurodegenera-
tive diseases (Fig. 2b).

Previous studies indicated that gold nanoparticles (AuNPs)
which can be used as effective energy acceptors have absorption
spectra spanning a wide range, and it exhibit high quenching
efficiency at a short distance of 1�5 nm from the fluorophore as
donor [65–67]. Hence, FRET based nanoprobes constructed with
gold nanoparticles as carriers have great potential for apoptosis
imaging applications [68–70]. In the caspase-3 imaging nano-
system, gold nanoparticles play two roles: (1) the fluorescence
quencher in the FRET system; (2) the carrier of the nanoprobe.
Apoptosis imaging probes based on gold nanoparticles are usually
simple, inexpensive, and efficient, and have great potential in
biomedical applications.

Generally, apoptosis imaging probes have no therapeutic
function. When the probes are used to image apoptotic tumor
cells, it is usually necessary to treat the tumor with drugs in
advance. Because the time interval between administration and
imaging is difficult to control, sometimes the real-time imaging
effect of caspase-3 is not ideal, leading to certain errors in the
evaluation of drug efficacy. The development of apoptosis imaging
probeswith integration of diagnosis and treatment are expected to
solve this problem. These probes can not only induce tumor
apoptosis spontaneously, but also can reflect the specific
conditions of apoptosis in real time, which have great biomedical
value. Tang and co-workers combined the superior property of
fluorescence quenching for AuNPs and the excellent catalytic
activity of Fe2O3 to design and synthesize a bifunctional Au-Fe2O3

nanoparticles, RGD/FITC-DEVD-Au-Fe2O3 NPs [68]. The αVβ3
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Fig. 2. (a) Schematic diagram of the brain-targeted DGLs-RVG29-FRET nano-device detecting caspase-3 of apoptotic neurons in central nervous system. (b) In vivo imaging
after the intravenous injection of DGLs-RVG29-FRET with or without the treatment of rotenone on different days. Reproducedwith permission [64]. Copyright 2012, Elsevier
Ltd.
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integrin-targeting peptide (RGD) on the Au surface could promote
the probe to bind preferentially to integrin α

[39_TD$DIFF]Vβ3-rich human liver
cancer cells and initiate the catalytic formation of hydroxyl radical,
and then enabled monitor the

�
[40_TD$DIFF]OH-induced caspase-3-dependent

apoptosis in real time by the responsive of fluorescein isothiocya-
nate (FITC)-labeled caspase-3 recognition sequence (DEVD)
(Fig. 3a). Due to the polarization of the Au-Fe2O3 interface, the
nanoprobe had excellent catalytic activity and thus had the
functions of targeting, therapy and imaging.

In order to improve the sensitivity of detecting caspase-3, based
on the large overlap between the emission of coumarin 343 [41_TD$DIFF]

(CM343) and the absorption of the AuNPs, which resulted in a high
efficient energy transfer process between the donor and the
acceptor in the whole system, Li and co-workers connected
coumarin-functionalized AuNPs to polypeptide chains containing
specific sequences (DEVD) to fabricate CM343-peptide@AuNP
probes for the sensing of caspase-3 [69]. Caspase-3 cleaved the
peptide-bridge and released CM343 from the AuNPs (quencher),
which provided a basis for the detection of caspase-3 enzyme
activity in vitro. The group also revealed that the shorter linker
between the fluorophore and the AuNP quencher would result in a
higher FRETefficiency and the recovery of emissionwould bemore
obvious after the linkage was cleaved by caspase-3. Therefore, the
[(Fig._3)TD$FIG]

Fig. 3. (a) Schematic illustration of RGD/FITC-DEVD-Au-Fe2O3 NPs inducing cancer cell-s
cleavage. Reproduced with permission [68]. Copyright 2019, American Chemical Socie
AuNP@gel probe and the near infrared fluorescence imaging under the cleavage of
administrated intravenously with AuNP@gel probes, Pep-AuNPs or Pep/PEG-AuNPs, r
injection. The structure of Pep-AuNPs and Pep/PEG-AuNPs did not contain the multifun
Chemical Society.
CM343-peptide 1@AuNP probe containing a shorter peptide chain
had very high sensitivity, and the detection limit for caspase-3 was
as low as 4 pg/mL.

The protein corona phenomenon is an obstacle to the use of
nanoprobes for high-fidelity imaging in vivo. When nanoprobes are
exposed to physiological environments (e.g., blood), protein corona
phenomenon usually changes the surface properties of the
nanoprobe, such as reducing the delivery efficiency and targeting
ability as well as bringing toxic side effects. Liu [42_TD$DIFF]et al. encapsulated
single nanoprobes (pep-AuNPs) in PEG-like multifunctional nano-
gels to prepare the probe AuNP@gel [70]. This multifunctional
nanogel can shield the interaction between a single gold
nanoparticle (AuNP) and serum protein under the combined effect
from physical isolation of PEG-like cross-linking agent and the
hydrophilic surface of zwitterionic monomer, thereby eliminating
the formation of protein corona. When the probe entered the
interest cell through endocytosis mediated by the folate receptor,
the nanogelwould degrade rapidly in the acidic endosome, and the
ionizable monomer on the gel triggered the proton sponge effect,
instantly transmitting Pep-AuNP to the cytoplasm (Fig. 3b). The
fluorescence of Cy5 activated by caspase-3 enabled high-fidelity,
non-invasive fluorescence imaging of caspase-3 in cancer cells and [43_TD$DIFF]

in vivo (Fig. 3c).
pecific apoptosis and the subsequent turning on fluorescent signal under caspase-3
ty. (b) schematic diagram of the acid degradation principle of the nanogel shell of
caspase-3/7. (c) Fluorescent imaging of the tumor-bearing mice that were first
espectively, and then treated with PBS or Doxorubicin (DOX) via intraperitoneal
ctional nanogel shells. Reproduced with permission [70]. Copyright 2019, American
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2.1.3. Intramolecular charge transfer
ICT mechanism is another detection mechanismwidely used in

the early development offluorescent probes. It refers to the process
of intramolecular charge transfer of molecules with push-pull
electronic structure in the excited state, resulting in the separation
of positive and negative charges in the molecule [71]. Generally,
the ICT-activated fluorescent molecule probes are composed of a
fluorophore and a recognition group. Moreover, the recognition
group is an electron-withdrawing group. When it is connected to
the donor of the fluorophore, it will cause blue-shift of the
spectrum (Absorption/Emission (Abs/Em)) or quenching of fluo-
rescence by weakening the push-pull electron ability for the
molecule. After the recognition with the analyte, the recognition
group will be removed to restore fluorescence [72,73].

Pu group reported a series of molecular probes (MRP1-3) with
high renal clearance efficiency for in vivo optical imaging of drug-
induced acute kidney injury (AKI) [74]. According to the report, the
MRPs were very sensitive probes that detected AKI at the incipient
stage, which was permitted longitudinal imaging of multiple
biomarkers (O2

��,[44_TD$DIFF] the lysosomal enzyme N-acetyl-β-D-glucosami-
nidase (NAG) and caspase-3) in the kidneys of drug-treated living
mice. AmongMRP1-3, the near-infrared fluorescence of MRP3 was
specifically activated by caspase-3 to image cellular apoptosis in
the kidneys. The three probes constructed by three key building
blocks: (1) a renal clearance moiety ((2-hydroxypropyl)-β-cyclo-
dextrin (HPβCD), which could dramatically facilitate the removal of
the probe by the kidney with an efficacy above [45_TD$DIFF]97%); (2) a
biomarker reactive moiety (DEVD peptide sequence as the reactive
moiety of caspase-3); (3) luminescent signal moiety (CyOH) ([46_TD$DIFF]
Figs. 4a and b). The MRPs were almost non-fluorescence at the
intrinsic state, because they were ‘caged’ wherein the electron
donating ability of the aromatic hydroxyl group was inhibited by
the substituents. When the probes exposed to the biomarker and
the response part subsequently was removed, the near infrared
fluorescence signal could be turned from “OFF” to “ON”. Then, the
probes could almost be cleared by more than [47_TD$DIFF]80% ID (ID: injected
[(Fig._4)TD$FIG]

Fig. 4. (a) Chemical structures of MRP1-3 and (b) the activated form ofMRP3 as HPβ[24_TD$DIFF]CD-s
and the uncaged fluorophores including CMe, CP2, CP5 and CCD at 0-3 h and 3-24 h after
after intravenous injection of MRP3. The white arrows indicate the kidneys in the dorsal
Copyright 2019, Springer Nature.
doses) through the kidney at 3 h (Fig. 4c). The results of real-time
imaging showed that oxidative stress, lysosomal damage and
cellular apoptosis were prodromal molecular events occurring
sequentially after nephrotoxic exposure (Fig. 4d). Meanwhile, the
ability of MRPs to be used as urinalysis tracers to detect drug-
induced AKI earlier than current assays further demonstrated their
clinical promise for early diagnosis of AKI.

2.2. Probes combined with AIE

Most of traditional organic dyes are subjected to photo-
bleaching and ACQ effects which limit further studies applications
in vivo. Fortunately, Tang and co-workers discovered aggregation
induced emission (AIE) effect opposite to ACQ in 2001 [75]. In
solution, aromatic substituents in AIEgens freely rotate around a
single bond and consume the energy of the excited state by non-
radiation way, resulting in fluorescence quenching. On the
contrary, the internal rotation of the molecule is greatly hindered
due to the space limitation in the aggregation state, and the excited
state can return to the ground state by the radiation path, leading
to a significant increase in fluorescence. This is well known
restriction of intramolecular rotation (RIR) mechanism [76].
Therefore, the AIE effects overcome the phenomenon of ACQ to
a large extent. Recently, many organic luminogens with the
property of AIE have been developed, which shows excellent
performance in fluorescent light-up sensing and imagingwith high
signal-to-noise ratio.

Liu and Tang reported fluorescent light-up probewith live-cell-
permeable, which could monitor apoptosis in real time and
evaluate the efficacy of drugs [77]. In this work, the probe named
Ac-DEVDK-TPE was composed of three components: hydrophilic
caspase-3-specific recognition peptide Asp-Glu-Val-Asp (DEVD)
peptide; tetraphenylethene (TPE) unit with regulating fluores-
cence off/on via external stimulation and the lysine as the linker to
connect DEVD with and TPE units (Fig. 5a). In normal cell, the
probe was almost non-fluorescent, while it displayed significant
ubstituted CyOH in response to caspase-3. (c) The renal clearance efficiency of MRPs
intravenous injection. (d) Fluorescence imaging of livingmice at 8, 12, 16, 24 or 48 h
side and bladder in the ventral side, respectively. Reproduced with permission [74].
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Fig. 5. (a) Schematic illustration of apoptosis imaging based on DEVDK-TPE. Reproduced with permission [77]. Copyright 2012, American Chemical Society. (b) Chemical
structures of Ac-DEVD-PyTPE. (c) Schematic diagram of Ac-DEVD-TPS-cRGD targeted apoptotic imaging of tumor cells. (d) CLSM images of U87MG cells and MCF-7: (A)
U87MG cells stainedwith Ac-DEVD-TPS-cRGD; (B) Staurosporine (STS)-induced U87MG cells and stainedwith Ac-DEVD-TPS-cRGD; (C) U87MG cells pretreated with STS and
caspase inhibitors, and stained with Ac-DEVD-TPS-cRGD. The corresponding fluorescence/transmission merge images of (A–C) are (D–F), respectively. [Ac-DEVD-TPS-
cRGD] = [25_TD$DIFF]5mmol/L, [inhibitor] = [26_TD$DIFF]10mmol/L, [STS] = 1mmol/L. Scale bar: 30mm. Reproduced with permission [79]. Copyright 2013, Royal Society of Chemistry.
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fluorescence enhancement in apoptotic cells with high signal-to-
noise ratios. The DEVD parts would be specifically cleaved by
caspase- [48_TD$DIFF]3/7, leading to the release of lysine-conjugated TPE (K-
TPE). Due to K-TPE is hydrophobic, thus molecular aggregation
would make fluorescence turn-on according to the AIE character-
istic. Therefore, the strategy in this work provided an efficient
platform for real-time imaging of live cell apoptosis, which could
be in situ screening, quantification and evaluation of apoptosis-
inducing agents (sodium ascorbate, cisplatin, and staurosporine
(STS)). However, due to intrinsic photophysical property of TPE
fluorogen with short wavelength emission, the wavelength of Ac-
DEVDK-TPE limited in vivo studies. Fluorescent molecules with
long wavelength absorption/emission and large stokes shifts can
decrease the auto-fluorescence from bio-substrates in vivo
imaging. Based on this point, Liu and Tang developed a new
fluorescent light-up probe with AIE, Ac-DEVD-PyTPE [78], which
was formed by conjugated betweenhydrophilic, targeting caspase-
3/7 targeted Ac-DEVD peptide and hydrophobic azide-function-
alized tetraphenylethene pyridinium (N3-PyTPE) fluorogen
(Fig. 5b). In contrast to the Ac-DEVDK-TPE, Ac-DEVD-PyTPE
increased conjugated length by adding pyridine group, and thus
improving the wavelength of fluorescence emission (�470 nm vs.
�600 nm). The fluorescence of probe was quenched in solution;
but the caspase-3 cleave DEVD, due to RIR, which increase energy
via radiative channels, the AIE residues is emission, which can real-
time monitor the caspase-3/7 activities in vitro and [49_TD$DIFF]in vivo, screen
tumors apoptotis-induced agents in situ. In addition, Liu and Tang
designed fluorescent probe with AIE characteristic for real-time
apoptosis imaging in target cancer cells [79]. The probe included
three parts, acetyl protective N-terminal Asp-Glu-Val-Asp (Ac-
DEVD), tetraphenylsilole (TPS) and cyclic Arg-Gly-Asp (cRGD)
which showed high affinity to over-expressed integrin αvβ3
receptors in some cancer cells. In solution, fluorescence of the
probe was off state (Fig. 5c). But when the caspase-3 cleaved Ac-
DEVD, the fluorescence of resulted TPE-cRGD could turn on due to
AIE characteristic. Furthermore, compared those aforementioned
probes [77,78] without targeting peptide, the Ac-DEVD-TPE-cRGD
had higher cell uptake and signal-to-noise ratio in living cell
(Fig. 5d).

Moreover, to pursue sensitive fluorescent light-up probes with
higher signal-to-noise ratio. Liu and co-works designed a highly
sensitive AIE light-up probe by employing a short self-assembly
peptide sequence GFFY [80]. When the TPE-GFFYK (DEVDEE -Ac)
was cleaved by the caspase-3, the peptide GFFY could promote the
ordered self-assembly of AIEgens to terrifically restrict the
intramolecular motions of AIEgens, rendering the probes with
high sensitivity (Fig. 6a). In contrast to TPE-K(DEVD-Ac) [77], the
TPE-GFFYK-(DEVDEE-Ac) was cleaved by caspase-3 and the
resulted TPE-GFFYK residues had higher signal-to-noise ratio
due to the more orderly and regular arrangement of the molecule.
Further, the space interaction between the molecules was closer
and more compact, thus effectively limiting the intramolecular
rotation of the benzene ring in TPE. In addition, compared to
traditional FRET probes, which show single turn-on fluorescence
signal upon responding to the analytes, Liu and co-workers
developed the probe by AIEgen as the energy quencher, it is
reported that this is the first probe that can react with the analyte
to showa dual signal [81]. In this work, they designed a fluorescent
probe, which is consisted of three parts, an AIEgen as the energy
quencher, coumarin (Cou) as an energy donor and DEVD substrate
for conjugation chain (Fig. 6b). The probe itself is non-emission,
after the addition of caspase-3, Cou presented strong green
fluorescence due to donor-acceptor separation. The released
AIEgen residues aggregated that make made AIEgen to show a
strong red fluorescence. Dual-signal activation can effectively
monitor the activity of caspase-3 in living cells in real time for self-
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Fig. 6. (a) The structure of TPE-GFFYK(DEVDEE-Ac) and TPE-K(DEVDEE-Ac). Reproduced with permission [80]. Copyright 2012, American Chemical Society. (b) Schematic
illustration of the FRET probe using AIEgen as energy quencher with dual signal output for self-validated caspase-3 detection. Reproduced with permission [81]. Copyright
2019, American Chemical Society. (c) Illustration of CP1 for caspase-3/7 activities study. (d) Schematic illustration of the theranostic Pt(IV) prodrug targeting an AIE
fluorescence apoptotic sensor to evaluate non-invasive response to early treatment in situ. Reproduced with permission [83]. Copyright 2014, American Chemical Society.
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validating enzyme detection and drug screening. Thomas. J. Meade
and co-workers synthesized a dual-bimodal (FL/MR) caspase-
activated imaging probe CP1 with bi-modal FL-MR, which was
consisted of three parts, Gad, AIE and K-DEVD (Fig. 6c) [82]. Signal
validationwas a challenge for molecular imaging of bio-responsive
MR probe, but the FL signal have good sensitivity, and confirm the
MR signal enhancement in response to caspase-3. CP1 probe is
cleaved by the caspase-3 and the residues shows higher MR/FL
signal by aggregation. The probe exhibits FL-MR turn-on response
in both in vitro caspase enzymatic assays and apoptotic HeLa cells.
Most importantly, the FL signal of CP1 can be used to quantify the
concentration of active and inactive probes in caspase-3 to
accurately predict in vitro MR reactions.

Although most fluorescent probes with AIE characteristic have
been designed for imaging cell apoptosis, these probes cannot
report the exact location of the drug or the quantitative response to
treatment, because the probe and drugmay not be in the same cell,
or the probemay not be co-localizedwith the drugwhen the probe
and drug were in the same cell, it was highly desirable to develop a
theranostic drug delivery system that can simultaneously assess
treatment response. Therefore, Liu and Tang developed a target-
able probe with cRGD (cyclic RGD) which could specifically bind
with the over-expressed αvβ3 integrin in cancer cells, an apoptosis
sensor (TPS-DEVD) with AIE characteristic, Pt(IV) prodrug which
could slow down toxic side effects of Pt(II) caused by the
distribution in normal tissues (Fig. 6d) [83]. The prodrug would
preferentially target the integrin-overexpressed cancer cells to
release prodrug Pt(IV), TPS-DEVD, and the prodrug Pt(IV) was
further reduced to Pt(II) in vivo to exert its medicinal effects.
Platinum(II) could induce apoptosis of cancer cells, and TPS-DEVD
was cleaved by caspase-3 to recover the fluorescence that realize
the integration of inducing apoptosis of cancer cells and
monitoring apoptosis of cells in real time. The U87-MG cells
apoptosis-induced emission spectral intensity have shown good
correlation with the drug precursor concentration and cell
viability, enabling rapid evaluation of the drug treatment response
to guide treatment decisions (e.g., whether the treatment is
working well or should be discontinued).

3. Multi-responsive for functional imaging

3.1. Self-assemble

With the development of nanoscience and technology, the self-
assembly process driven by hydrogen-bonding, p-p, hydrophobic
interactions, etc.,[50_TD$DIFF] have received extensive attention from research-
ers [84–87]. The self-assembly system designed based on the
tumor microenvironment stands out because of better specific
response in the field of therapeutic evaluation. At the same time,
the increase in the number of responsive sites can make the self-
assembly process more controllable and precise. Therefore, Liang
and coworkers designed a self-assemble and disassemble system
for realizing sequential detections of glutathione (GSH) and
caspase-3 in 2013 [88]. After entering tumor cells, disulfided
cysteine motif could be reduced by overproduced GSH to expose
the reactive group of 1,2-aminothiol. Then, the exposed reactive
group could further react with cyano group of the 2-cyanobenzo-
thiazole (CBT)motif. Thus, the self-assembly process can take place
through this click chemistry and FITC-NPs could be formed. The
caspase-3 responsive process reinforces the protonation of the
double thiazoles group formed after self-assembly and subse-
quently make the FITC-NPs disassembled, further enhancing the
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Fig. 7. (a) Schematic illustration of assembly/disassembly process of FITC-NPs controlled by GSH and caspase-3. Reproducedwith permission [88]. Copyright 2013, American
Chemical Society. (b) Schematic illustration of assembly process controlled by GSH and caspases (caspase-3/7). Reproduced with permission [89 [27_TD$DIFF]]. Copyright 2014, Nature
Publishing Group.
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fluorescence signal (Fig. 7a). This work combines click chemistry
and self-assembly, which is of great significance for the subsequent
scientific research. However, this work did not achieve detection in
living organisms. By using similar design strategy, Rao and Ye [37_TD$DIFF]et al.
reported a probe and realized the imaging toward caspase activity
in vivo [89]. Through the responsive of caspase- [36_TD$DIFF]3/7 and GSH, the
amino and thiol groups masked by DEVD and disulfide bonds are
released to further react with cyano group of 2-cyano-6-
hydroxyquinoline (CHQ) moieties so that the self-assembly
process could occur and promote nanoaggregation in situ
(Fig. 7b). Then, the feasibility of imaging caspase activity was
verified at the cellular and living levels, respectively. As a result,
obvious fluorescence from Cy5.5 linked on the macrocyclization
product could be observed in the STS-treated cells and the region
[(Fig._8)TD$FIG]

Fig. 8. (a) Schematic illustration of assembly/disassembly process of probe 1-RGD contro
viable, STS, Z-VAD-fmk (50mmol/L) and subsequently incubated with 5mmol/L 1-RGD,
after injected with 1-RGD for 10 h. (d) Enlarged 3D reconstruction PA image of the select
Reproduced with permission [90]. Copyright 2019, Wiley-VCH.
of DOX-treated subcutaneous HeLa tumor. As an important
enzyme for cell programmed death, the distribution of caspase-
3 is not evenly throughout thewhole tumor. Therefore, probes that
can reflect the spatial distribution of caspase are needed.

Recently, Ye and coworkers reported a caspase-3 activatable
photoacoustic probe 1-RGD based on the same self-assembly
strategy [90]. The difference from the previous reported case is that
the fluorescence of the attached dye (indocyanine green, ICG) will
undergo ACQ after self-assembly and aggregation that the photo-
acoustic signal would turn on (Fig. 8a). By linking a CHQ as pre-
clickable site, the D cysteine ([51_TD$DIFF]D-Cys) residue was modified with
DEVD as well as disulfide bonds to serve as recognition sites for
caspase-3 and GSH at the other end. After interaction with
overproduced GSH and active caspase-3, free D-Cys could
lled by GSH and caspase-3. (b) PA images of apoptotic U87MG cells pretreated with
1-Ac or ICG for 24 h. (c) 3D reconstruction PA image of tumor for DOX-treated mice
ed area in (c). (e) Enlarged 3D reconstruction PA image of 3D-slice in tumor tissues.
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subsequently condense with cyano of CHQ to form cyclized
product 1-cycl. Owing to the aggregation of ICG, nonradiative
relaxation process was enhanced that turn-on photoacoustic (PA)
signal was observed. Benefiting from the superior penetration
depth of PA imaging, high-resolution 3D images for the distribu-
tion of caspase-3 in entire apoptosis tumor tissues was obtained
( [46_TD$DIFF]Figs. 8b–e).

Because the exposed reaction sites can also cause intermolecular
condensationreactions thatreducetheoccurrenceof intramolecular
cyclizatio, Rao and coworkers further explored the factors affecting
cyclization by adjusting the substituents on aromatic nitriles aswell
as amino thiols and testing their reactivity, ability to form
nanoparticles for cell imaging [91]. As a result, the reactivity of
aromatic nitriles for their condensation with aminothiols was
significantlyaffectedbyaddingaromatic ring,electron-withdrawing
substituents, and heteroatoms on the aromatic rings that further
affects the rate of click chemistry. Moreover, changing the attached
groupon the cysteine residuecanalso recognize and image different
kinds of enzymes. Therefore, more general imaging strategy toward
various enzymes was explored and demonstrate a wider range of
applications. Very recently, Rao and coworkers developed a pre-
targeted imaging toward caspase-3 in vivo via the click chemistry
reactions including the condensation reaction of aromatic nitriles
and aminothiols, inverse-electron demand Deals-Alder reaction
(IEDDA) between tetrazine and [52_TD$DIFF]trans-cyclooctene (TCO) [92]. The
constructed TCO-C-SNAT4 could be triggeredmacrocyclization and
subsequent in situ self-assembly intonanoaggregates bycaspase-3/
7 in vivo. Then, Cy5-attached tetrazinewas easily labeled to the TCO
to imaging enzymatic activity. Due to the step-by-step targeting,
excess fluorophores not used for imaging are rapidly metabolized.
Moreover, TCO-C-SNAT4 can be repetitively injected to produce
more TCO-nanoaggregates for click labeling to improve the
retention of fluorescence signal of Cy5.

3.2. Multi-channel signals for imaging

For probes having multi-responsive sites, not only can self-
assembly enhance signals, but also can be combined with other
responsive sites to explore the relationship between other
enzymes, cell apoptosis and evaluate therapeutic efficacy.

As is well-known, matrix metalloproteinase-2 (MMP-2) can
break down extracellular matrix to facilitate the spread of tumor
cells that plays an important role in tumor cell migration and
invasion [93–96]. Moreover, the upregulation of MMP-2 would
occur in some cancers such as melanomas [97,98], breast cancer
[99], etc. Therefore, MMP-2 could usually act as a biomarker in
tumor detection. Zhang [53_TD$DIFF]et al. constructed a sequential responsive
probe with two specific cleavable peptides, which can be
specifically cleaved byMMP-2 and caspase-3, respectively. Initially,
the fluorescence of this probe was quenched owing to FRET from
5(6)-carboxyfluorescein (FAM) to 4-{[4-(dimethylamino)-phenyl]-
azo}-benzoic acid (Dabcyl). When this probe was treated with
MMP-2 or caspase-3 for 10.5 h, the corresponding peptide was
specifically cleaved. Hence, approximate 4.2-fold, 8.6-fold fluores-
cence enhancement could be observed in probe solutions while
16.6-fold fluorescence enhancement occurred after treated with
MMP-2 and caspase-3 together for 10.5 h [100]. Based on the
obvious change of fluorescence signal, this probe can perform
effective sequential detection to MMP-2 and caspase-3. Thus, this
probe can be applied to early apoptotic cell imaging induced by
Dox/UV. However, owing to the sole emission at 520 nm after
responding to MMP-2 or caspase-3, it is impossible to clearly and
simultaneously image the spatiotemporal distribution of MMP-2
and caspase-3.

Afterwards, Zhang’s group constructed a Mc-Probe based on
multi-FRET, which was comprised of two specific peptides cleaved
by MMP-2 and caspase-3 and three fluorophores. Among them,
FAM served as the donor for both tetramethylrhodamine (TAMRA)
and Dabcyl. Dabcyl was the acceptor for both FAM and TAMRA.
When this probe arrived at the lesion location, the fluorescence
was restored through cleaving peptides by corresponding enzymes
that inhibited the process of FRET, and the process of multi-FRET
would not be interfered with each other. Additionally, the
fluorescence signals could be distinguished due to the different
emission of FAM (520 nm) and TAMRA (570 nm), thereby collecting
different fluorescent signals to clearly image the spatiotemporal
distribution of MMP-2 and caspase-3 (Fig. 9a). [54_TD$DIFF]When this probe
was incubated with MMP-2 and caspase-3, the corresponding
fluorescence signal could increase by 4.77 times and 45.99 times,
respectively. Moreover, Mc-Probe was incubated with African
green monkey fibroblast (COS7, normal cells) cells and squamous
cell carcinoma (SCC-7, cancer cells, MMP-2 overexpression) cells
for 6 h. As a result, bright red fluorescence for SCC-7 cells were able
to be observed due to overproduced MMP-2. When the cells were
treated by cisplatin for another 12 h, green fluorescence could be
observed due to the reactionwith caspase-3 in early apoptosis cells
[101]. Therefore, Mc-Probe could be applied to realize the imaging
of spatiotemporal distribution toward MMP-2 and caspase-3,
which was beneficial to achieve precise disease diagnosis and
evaluate therapeutic efficacy.

The construction of probes with multi-responsive sites is not
only used for disease diagnosis, but also can be applied to explore
the relationship between other enzymes and caspase-3 during the
process of cell apoptosis. Liu and Tang [38_TD$DIFF]et al. developed a turn-on
probe composed of a hydrophilic peptide (DVEDIETD) and two
fluorophores with AIE properties to understand the relationship
between caspase-3 and caspase-8. This peptide contained specific
responsive substrates for caspase-8 (IETD) and caspase-3 (DVED).
Initially, the probe has almost no fluorescence in DMSO/PBS
mixtures (1/99, v/v). Owing to hydrophilicity of the peptide, this
probe was dissolved in the solution, the phenyl rings of the
fluorophore could rotate freely. And the energywas attenuated in a
non-radiative transition. After the probe incubated with caspase-3
or caspase-8, it could be observed that the fluorescence intensity
gradually increased with the incubation time extended, which was
attributed to the responsive of the peptide that the aggregation of
fluorophore residues limited the rotation of the phenyl rings. Then,
HeLa cells were incubated with the probe for 2 h and further
treated with H2O2 to induce cell apoptosis that bright fluorescence
could be observed [102], while the fluorescence generated by the
responsive of caspase-8 is about 15min earlier than caspase-3
(Fig. 9b). This probe could reveal the relationship between
caspase-3 and caspase-8 in the cascade caspase activation during
the process of H2O2-induced apoptosis. Moreover, the relationship
between the activities of other different types of enzymes can be
revealed through changing the sequences of peptide substrate.

To better understand the relationship between reactive oxygen
species (ROS) and apoptosis, Yi and Xiao [55_TD$DIFF]et al. designed a
multicolor imaging probe (pep4-NP1) based on FRET. This probe
was composed of NP1 (a reported H2O2-responsive dye [103]) and
Cy5 (cyanine dye), wherein these two parts were linked by the
caspase-3 specifically cleaved peptide SGDEVDSG. Originally, the
probe had two absorption peaks at 555 nm and 663 nm under
450 nmexcitation. After adding 500mmol/L H2O2, the fluorescence
intensity at 663 nm obviously increased while the fluorescence
intensity at 550 nm slightly increased along with the treatment
time. This phenomenon occurred due to the large spectral overlap
between the emission peak of the 1,8-naphthalimide (donor) and
the absorption peak of the Cy5 dye (acceptor), and energy transfer
after laser excitation. However, in apoptotic HeLa cells, it could be
observed that the intensity of green fluorescence increased
significantly, while the red fluorescence increased slightly
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Fig. 9. (a) The construction strategy of Mc-Probe used for spatiotemporal imaging of MMP-2 and Caspase-3. Reproduced with permission [101]. Copyright 2017, American
Chemical Society. (b) Confocal images of the [28_TD$DIFF]probe 1 and HeLa cells incubated for 2 h and AIE residues images after treated with H2O2 for different time. Reproduced with
permission [102]. Copyright 2017, Royal Society of Chemistry. (c) Confocal imaging of pep4-NP1-loaded HeLa cells and imaging of HeLa cells treated without and with H2O2.
Reproducedwith permission [104]. Copyright 2016, Elsevier Ltd. (d) Chemiluminescence and fluorescence signal images ofmouse hepatocytes incubatedwith CFR probe and
different pretreatments. Reproduced with permission [107]. Copyright 2019, American Chemical Society.
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(Fig. 9c), whichwas attributed to the inhibition of the FRET process
after DEVD cleaved by caspase-3 [104]. Therefore, this probe could
simultaneously monitor the fluctuation of intracellular ROS and
caspase-3 and determine whether the corresponding oxidative
stress will cause apoptosis through the change of fluorescence.

In organisms, simultaneously monitoring toward multiple
enzyme activities is very beneficial for disease diagnosis
[105,106]. Although the previous work could monitor various
enzymes at the same time, it was inevitable for spectral signal
crosstalk in multicolor imaging, which affected the imaging
resolution. Pu [55_TD$DIFF]et al. designed a probe with no signal crosstalk to
achieve accurate and sensitive imaging of superoxide anion (O2

��
[44_TD$DIFF])

and caspase-3. The probe contained a responsive site for
superoxide anion and a caspase-3 responsive site. Therefore, Pu [56_TD$DIFF]

et al. utilized this probe to detect drug-induced hepatotoxicity
(DIH) and explored the relationship between oxidative stress and
apoptosis. The signal generated by the superoxide anion of the
probe after responding was chemiluminescence that it would not
interfere with the imaging effect when the activities of superoxide
anion and caspase-3 are simultaneously monitored. Moreover, the
probe was incubated with mouse hepatocytes (AML-12), which
were treated with valproic acid to trigger DIH. As a result, it could
be observed that the signal generated from reaction with
superoxide anion is earlier than the signal generated by
caspase-3 (Fig. 9d). Therefore, it was confirmed that the superox-
ide anionwas upregulated before the activation of caspase-3 [107].
This work tactfully introduced chemiluminescence, which solved
the problem of spectral signal crosstalk in multi-color imaging.

4. Conclusions

In summary, the probes for detecting apoptosis signals have
achieved great success in recent decades, which can not only
evaluate therapeutic efficacy, but also reveal the relationship
between other biologically active substances and apoptosis, such
as other endogenous enzymes and reactive oxygen species. In this
review, wemainly introduced the development process of “OFF” to
“ON” fluorescent probes. First of all, for traditional enzyme
response probes, it is very important to quench the original
fluorescence of the probe to obtain a higher SBR. Here, we
introduce a variety of fluorescence quenching methods to achieve
better “OFF”. In addition, in order to achieve a better “ON” process
of fluorescence release, researchers now introduce AIE groups to
enhance the fluorescence signal after DEVD cleaved. Furthermore,
researchers are more focused on the field of multi-functional
imaging at present. By introducing other active substance
responsive sites to construct multi-channel signals responsive
probes, further revealing the relationship between other active
substances and cell apoptosis.

5. Perspective
1
 Studies have shown that the concentration of caspase-3 is not
uniform in different parts of the tumor, so it is of great
significance to detect the spatial distribution of caspase-3 by
optical imaging. Currently, PA imaging has been applied to
detect the spatial distribution of caspase-3. However, compared
with PA imaging, fluorescence imaging has higher sensitivity
and can support the detection of low-concentration caspase-3 in
some tumor sites. In addition, compared with near infrared-I
and near infrared-II (NIR-I, NIR-II (1000–1700 nm)) fluorescence
imaging has the characteristics of high spatial resolution, deep
penetration and high signal-to-noise ratio. Therefore, it has
great potential to develop NIR-II fluorescent imaging probes for
the detection of caspase-3 spatial distribution.
2
 As a new way of programmed cell death, the mechanism of
pyroptosis remained unknown until 2015 when Shao and
coworkers reported a new GSDMD protein. Compared with
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apoptosis and necrosis, pyroptosis seems to be a promising way
for tumor treatment. Developing a probe that can be used to
detect pyroptosis will play an important role in drug screening
for tumor. Until now, probes to detect pyroptosis are still in
urgent need of development although there are some probes
that can distinguish pyroptosis. Most of them are designed using
peptides that respond to caspase-1, therefore, the method using
peptide-based response maybe could be derived to design
probes that respond to caspase-3 to reflect pyroptosis.
Moreover, it is the expression level of GSDME that determines
the form of cell death in caspase-3-activated cells. Therefore,
combining a drug that induces an increase in GSDME content
with a probe for caspase-3 detection seems to be a feasible
attempt.
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