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ABSTRACT: In situ self-assembly has attracted increasing
research interest for applications in imaging and therapy in recent
years. Particularly for protease-activated developments, inspiration
is drawn from the innate specificity of their catalytic activities,
rapid discovery of the various roles they play in the proliferation of
certain diseases, and inherent susceptibility of small molecule
peptide conjugates to proteolytic digestion in vivo. The over-
expression of a disease-related protease of interest can be exploited
as an endogenous stimulus for site-specific self-assembly to largely
amplify a molecular event happening at the cellular level. This
holds great potential for applications in early stage disease
detection, long-term disease monitoring, and sustained therapeutic
effects. This review summarizes the recent developments in
protease-activated self-assemblies for imaging and therapeutic applications toward the manifestation of tumors, bacterial infections,
neurodegenerative disorders, and wound recovery.
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1. INTRODUCTION

In order to sustain life, living organisms produce a variety of
biological building blocks such as lipids, nucleic acids, and
amino acids that form more profound and highly organized
supramolecular nanostructures with well-defined biological
functions through spontaneous self-assembly.1 Such examples
include the cell membrane made up mainly of lipids and
proteins maintaining the integrity of cells,2 the deoxyribonu-
cleic acid (DNA) double helix comprising nucleic acids storing
genetic information,3 and enzymes consisting of amino acids
and peptides catalyzing a wide array of vital chemical reactions
in the body.4 Inspired by these self-assembling building blocks
of life, self-assembled nanoscale materials have garnered
increased research interest in recent years and have been
utilized widely in the design of structures for diagnostic5,6 and
therapeutic purposes.7,8

A specific category of proteins known as enzymes act as
catalysts to accelerate a myriad of chemical reactions in the
biological environment with high specificity and efficiency,9

one of which is self-assembly, an ubiquitous process in life
playing various biological roles from maintaining cellular
functions and integrity to causing numerous abnormalities in
diseases.10−14 While various research advancements over the
years have strived to adopt the use of physical and chemical
perturbations to assemble small molecules into supramolecular

nanostructures more efficiently, the assembly of biologically
functional nanostructures is still prevalently achieved efficiently
and specifically through enzymes in nature. Therefore,
compared to physical and chemical perturbations such as
ligand receptor interactions and pH and temperature changes,
self-assembly activated by specific enzymatic activity is
definitely more promising due to its inherent biocompatibility
in assimilating the process with biological events.15,16

The specificity of an enzyme lies with its ability to recognize
and subsequently catalyze the chemical transformation of
either a single type of substrate or a group of compounds
sharing a common motif. Many natural enzymes have been
discovered and studied over the years, most of them catalyzing
a defined type of reaction with varying degrees of specificity to
their substrates. In order to achieve bioadaptive and site-
specific self-assembly with precise superstructure control in a
complex living system, the rational design of a precursor
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(typically either a copy of the enzyme’s natural substrate or a
derivative of it) that can be specifically recognized and
chemically transformed by the enzyme of interest is required.
The resulting amphiphilic product of the enzymatic reaction
would generally be conferred the tendency to self-aggregate
and form more organized nanostructures with better stability.17

To date, abundant supramolecular nanostructures formed
via enzymatic self-assembly have been developed.18 Partic-
ularly, peptides have been heavily exploited19−23 as building
blocks for self-assembling nanomaterials due to their inherent
biocompatibility, ease in design, and vast molecular possibil-
ities made feasible through different amino acid perturbations
and available functional groups.24−28 Synthetic protocols for
peptide-based nanostructures are also well-established, such as
in solid- and solution-phase peptide synthesis techniques.29,30

Even though early in vivo applications of peptide molecules
suffer from poor stability due to susceptibility to proteolytic
digestion and premature clearance from the living system,31,32

recent advances have shown promising applications in
exploiting this proteolytic susceptibility to generate amphi-
philic molecules capable of further self-assembly into more
stable hierarchical peptide-based superstructures with im-
proved targeting and therapeutic performance compared to
the sole peptide molecule itself.7 Moreover, peptides naturally
adopt well-defined secondary structures such as α-helices and
coiled coils, β-sheets and turns.17 The formation of α-helical
structures are induced by hydrogen bonding between back-
bone amides,33,34 whereas β-sheets mainly consist of
alternating hydrophilic and hydrophobic residues permitting
hydrogen bonding between carbonyl groups and backbone
amides. The presence of π−π interactions and complementary
ionic bonds are also known to further stabilize β-sheet
structures.35,36 In addition, more diverse peptide-based
nanostructures have also been made available through further
conjugation of peptides with long alkyl chains to create peptide
amphiphiles capable of self-assembly in aqueous solutions.37

Likewise, large aromatic capping groups such as fluorenyl
methoxycarbonyl, naphthalene, and bis-pyrene can also be
similarly conjugated to provide more extensive π−π
interactions, hence promoting self-assembly.38,39

Figure 1 illustrates the general process for enzyme-activated
self-assembly in the cellular environment. As depicted, the
precursors often contain a substrate motif which will be

recognized by a specific proteolytic enzyme of interest. Upon
coming into contact with target cells, the protease present will
catalyze the transformation of the precursors into amphiphilic
products that spontaneously self-assemble via noncovalent
interactions (hydrogen bonding, π−π interactions, hydro-
phobic interactions, and charge interactions) into supra-
molecular nanostructures intracellularly. Even for enzymatic
products that are not hydrophobic enough to subsequently
self-assemble, Rao and co-workers have designed biocompat-
ible condensation22 and intracellular macrocyclization23

reaction strategies capable of controlled nanostructure
assembly in living systems. These general strategies can be
adapted to be responsive toward a variety of different enzymes
and triggers. The resulting aggregation of the enzymatic
product can then be used to retain imaging and therapeutic
agents at specific sites of upregulated enzymatic activity.
Optical and therapeutic effects of the original imaging and
therapeutic agent can then be further enhanced due to the
added self-assembling properties. Furthermore, the expression
levels of different enzymes vary in differing conditions and
environments depending on the type of cells including tumor
or nontumor, and where the cells are located within the body.
Enzyme-activated self-assembly thus empowers researchers
with the ability to control delivery, response, and functions of
the assembled supramolecular nanostructures.17 These struc-
tures can then be utilized to accurately and precisely report the
health status of the body for early disease diagnosis and
subsequent monitoring of the recovery process. Additionally,
these structures can also be further adapted to provide
multimodal treatment as well.
Several comprehensive reviews regarding self-assembled

peptide-based nanomaterials for biomedical imaging and
therapy,7,17 nanodrug delivery systems, and disease-related
molecular imaging and theranostics5 have already been
published. However, there is a lack of comprehensive reviews
focusing on protease-activated assembly systems, which have
seen a surge in research interest over the years. In this review,
we will mainly focus on the developments in in situ protease-
activated self-assemblies. We will discuss their applications in
imaging and therapy, followed by perspective outlooks for
future developments.

Figure 1. Schematic illustration of in situ protease-activated self-assemblies and their potential applications.
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2. PROTEASE-ACTIVATED SELF-ASSEMBLIES FOR
IMAGING

Aberrant dysregulation of certain enzymes are often correlated
with the manifestation of diseases such as tumors and bacterial
infections. This abnormality often occurs way before the onset
of observable symptoms.40,41 Therefore, the overexpression of
a certain enzyme of interest can be exploited as a trigger to
activate the self-assembling properties of a responsive nanop-
robe. Upon activation, the specific aggregation and accumu-
lation of the active nanoprobe can be utilized for early stage
disease diagnosis and also subsequent evaluation of the
administered treatment thereafter.
Xu and co-workers were the pioneers of enzyme-induced

self-assembly (EISA). Their work over the years has mainly
exploited the overexpression of phosphatases in disease-
infected environments as triggers to widely develop con-

struction of short-peptide-based nanomaterials in situ for
therapeutic and imaging purposes.42−47 Typically, functional
molecules such as therapeutic agents and fluorescence probes
are co-assembled or conjugated with precursors of self-
assembling motifs. Upon successful enzymatic dephosphor-
ylation, the perturbation in the hydrophilic−hydrophobic
balance of the molecules causes them to self-aggregate into
supramolecular structures with not only greater stability but
also enhanced optical and therapeutic effect.
Following their success with phosphatase-like enzymes, there

has been an increased interest in the adaptation of the EISA
strategy to other types of enzymes, particularly proteases due
to the high susceptibility of peptides to proteolytic digestion in
vivo. Proteases are among the most diverse and largest groups
of enzymes, representing almost 2% of the human genome.48

They are a class of enzymes that irreversibly catalyze the

Figure 2. (a) Schematic illustration of AIE probe for caspase activity studies. (b) Enhanced fluorescence response of AIE probe compared to
commercial coumarin-based probes. (c) Real-time fluorescence images showing the cell apoptotic process. Panels a−c reproduced with permission
from ref 62. Copyright 2012 American Chemical Society. (d) Schematic illustration of the targeted theranostic platinum(IV) prodrug with a built-
in AIE light-up apoptosis sensor for non-invasive in situ early evaluation of its therapeutic responses and real-time CLSM images displaying the
apoptotic progress. Reproduced with permission from ref 64. Copyright 2014 American Chemical Society.

ACS Applied Bio Materials www.acsabm.org Review

https://dx.doi.org/10.1021/acsabm.0c01340
ACS Appl. Bio Mater. 2021, 4, 2192−2216

2194

https://pubs.acs.org/doi/10.1021/acsabm.0c01340?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01340?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01340?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01340?fig=fig2&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01340?ref=pdf


breaking down of amide bonds in proteins to smaller
polypeptides or single amino acids,49 playing vital roles in
virtually all biological processes.50 However, dysregulations of
various proteases have also been found to be correlated to the
progression of diseases such as cancer,51−53 bacterial
infections,54 and neurodegenerative disorders.55 Intuitively,
these disease-associated proteases have been heavily exploited
as promising therapeutic targets for the activation of a wide
variety of prodrugs due to the innate substrate specificity of
their proteolytic active site.56,57 Compared to enzymes
responsive toward specific functional groups such as
phosphatase and esterase, proteases have well-characterized
catalytic activities, as well as the ability to more specifically and
selectively cleave substrates containing unique amino acid
sequences that are specially tailored to the architecture of their
different proteolytic active sites. As such, various versatile
peptide sequences have been frequently employed as bioactive
linkers to allow for targeted and site-specific delivery of a wide
array of cargo such as therapeutic agents, photosensitizers, and
fluorescent dyes.56−58 Multiple protease-labile conjugates
based on this highly adaptive platform have been developed48

and are currently used in certain clinical treatments.59,60

2.1. Tumor Imaging. Tumor imaging is an important
technique that not only aids the visualization but also the study
and characterization of tumors in a living system at cellular and
molecular levels. It plays a vital and indispensable role toward
the accuracy of tumor diagnostics and precision of the

administered therapy. Upregulated proteolytic activities unique
to the manifestation of certain tumors have been recently
exploited as a rising strategy for activating spontaneous
assembly of nanomaterials as contrast agents to more
effectively image tumors with prolonged retention at sites of
interest, enhanced specificity, and improved signal-to-noise
ratio.
Many toxicants, as well as most compounds used for tumor

treatment, are known to induce cellular apoptosis, a form of
programmed cell death. Therefore, factors influencing
apoptosis often affect the outcome of the administered therapy
as well.17 Caspases are a class of proteolytic enzymes well-
known as the executioners of cellular apoptosis, in which its
activation would lead to cleavage of critical cellular substrates
such as lamins and poly(ADP-ribose) polymerase (PARP),
causing the affected cells to undergo a dramatic morphological
change in order to prevent inducing an immune response.61

The detection of caspase activities would hence be able to
provide valuable insights into the evaluation of both disease
progression and efficiency of the treatment administered. Liu
and co-workers designed a cell permeable fluorescent probe
capable of aggregation-induced emission (AIE) for real-time
apoptosis imaging62 (Figure 2a). The AIE probe consisting of a
hydrophilic caspase-responsive peptide (DEVD)63 and a
hydrophobic tetraphenylethene (TPE) fluorogen with AIE
properties was initially nonfluorescent in aqueous solutions.
Upon cellular apoptosis, the activation of caspase-3/-7 would

Figure 3. (a) General scheme for enzyme-directed accumulation and retention of nanoparticle probes based on dye-labeled peptide−polymer
amphiphiles. (b) Intravenously injected mice imaged to show the time course accumulation of enzyme-responsive particles in the tumor region.
Reproduced with permission from ref 70. Copyright 2013 Wiley-VCH. (c) Intratumoral injection to determine relative levels of retention of
enzyme-responsive nanoparticles vs (d) control particles with HT-1080 tumors. Reproduced with permission from ref 72. Copyright 2013
American Chemical Society.
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cleave the enzyme-responsive peptide substrate, activating
fluorogenic performances that supersede that of commercial
coumarin-based probes (Figure 2b). The enhanced perform-
ance was attributed to the population of the radiative decay
channels, caused by the added aggregation ability of released
TPE residues with restricted intramolecular rotations. The
designed probe not only enabled the detection of caspase
activities but also opened up an avenue for real-time
observation of apoptotic progress in living cells due to AIE
(Figure 2c). This work has validated the superiority of
molecular self-assembly in enhancing the optical effect of
fluorescent molecular probes by simply using an AIE to boost
the signal-to-noise ratio. Subsequently, the same group then
went on to extend their AIE detection strategy to further
develop non-invasive real-time monitoring of drug-induced
apoptosis to evaluate the therapeutic efficacy of a conjugated
anticancer platinum(IV) prodrug64 (Figure 2d). Nonetheless,
continuous efforts have also been made in adapting the
strategy to develop AIE probes responsive toward another
tumor-related proteolytic enzyme, cathepsin B. Cathepsin B is
a lysosomal protease aberrantly upregulated in many kinds of
tumors,65 thus frequently exploited as a target for enzyme-
responsive drug delivery.66,67 Likewise, AIE fluorescent probes
responsive toward the proteolytic activity of cathepsin B were
similarly conjugated to a prodrug68 to allow for targeted and
image-guided therapeutics. Intriguingly, Liu and co-workers
incorporated dicyanovinyl groups to cathepsin B-responsive
TPE fluorogens and successfully obtained aggregations of
photosensitizers that could efficiently generate reactive oxygen
species (ROS) upon irradiation.69 Despite its limitation in
having short excitation wavelengths, impeding subsequent
practical applications until further molecular developments to
increase the absorption wavelengths of AIE fluorogens, it is no
doubt that the work demonstrated the potential possibility of
dual-functional probes with both activatable photoactivity and
fluorescence for image-guided photodynamic therapy.
On the other hand, Gianneschi and co-workers proposed an

alternative strategy for enzyme-triggered retention and active
accumulation of nanoprobes in vivo by virtue of a supra-
molecular self-assembly event, where the nanoprobes are
chemically altered to form slow clearing morphologies within
tumors70 (Figure 3a). Matrix-metalloproteinases (MMPs) are
an extensively studied class of secreted and membrane-bound
proteases due to their role and overexpression in various
tumors.71 Upregulated MMP-2/-9 activities in tumors were
chosen as stimuli in particular due to their unique capabilities
in transmitting signals in vivo via catalytic amplification. The
group designed peptide−polymer amphiphiles (PPAs) con-
sisting of MMP-2/-9 peptide recognition sequences conjugated
to form brush copolymers. In addition, the PPAs were also
terminally labeled with donor or acceptor dyes. When dialyzed
from dimethyl sulfoxide (DMSO) into buffered water
subsequently, the PPAs formed fluorescent spherical micellar
nanoparticles with the peptide substrate on the outside as a
hydrophilic shell. Upon MMP-specific cleavage of the peptide
substrate, the spherical morphologies of the polymeric
amphiphiles were drastically altered to facilitate changes in
electrostatic properties and steric bulk, inevitably causing a
dramatic change in packing behavior. This results in micro-
meter-scale network aggregates formed in situ, thereby leading
to increased retention and accumulation at tumor regions in
vivo. The in situ aggregation and accumulation processes were
monitored by Förster resonance energy transfer (FRET) for

over 2 days, showing an increased fluorescence intensity signal
on the second day, thus demonstrating its ability as a potential
imaging contrast agent with prolonged retention within tumor
tissues (Figure 3b). Furthermore, it was also noteworthy that
the PPAs showed negligible toxicity toward the tumors due to
no difference in tumor size throughout the observation period
for any of the tested subjects. Their work has validated the
merits of in situ enzyme-mediated reconstruction of nanoma-
terials for enhanced imaging applications due to increased
retention and accumulation within tumors. Subsequently, the
group further adapted the design and prepared similar PPAs
end-labeled with Alexa Fluor 647 as probes for whole mouse
imaging.72 The presence of retained material after enzyme
activation was visualized via whole animal imaging in vivo
following an intratumoral injection into xenograft tumors.
Fluorescent aggregates were observed in targeted tumor tissues
within an hour and were retained for at least a week via whole
animal near-infrared (NIR) fluorescence imaging (Figure 3c),
whereas control nanoparticles were cleared from tumor tissues
within an hour (Figure 3d). Likewise, the material was retained
for extended periods of time due to an MMP-responsive
accumulation process in which the nanoparticles are trans-
formed from spherical micelles into micrometer-scale
aggregates, thus entrapping them within the tumor for a
prolonged period of time.
Furin is a trans-Golgi protease which plays crucial roles in

several diseases such as anthrax, Alzheimer’s disease, Ebola
fever, and cancer.73,74 The proteolytic enzyme has been
reported to be overexpressed in many different cancers such as
glioblastomas, squamous-cell carcinomas of the head and neck,
and nonsmall-cell lung carcinomas,75 in which it preferentially
cleaves the peptide substrate Arg-X-Lys/Arg-Arg, where X is
any amino acid.76 Inspired by the characteristics of this
enzyme, Rao and co-workers reported the controlled assembly
of nanostructures in living cells by virtue of a biocompatible
condensation reaction.22 The self-assembly is triggered by
furin/caspase proteolytic cleavage, disulfide reduction, or/and
pH change to reveal the 1,2-aminothiol group, at which an
intermolecular condensation reaction would occur with 2-
cyanobenzothiazole (CBT) from another molecule. The
resulting condensation products and assembled nanostructures
vary in size and morphology depending on how the
condensation products were generated and the chemical
structure of the monomers. Subcellular localizations of the
different condensation products were also revealed through
direct imaging methods in vitro, demonstrating feasibility in
controlled and localized self-assembly within cells. As such, due
to the aberrant overexpression of various proteases in many
different types of cancers, the ability to activate the
condensation process through specific upregulated proteolytic
activity is particularly attractive.77−81 Liang and co-workers
have intuitively adapted this reaction strategy and attached
various imaging agents to the monomer, leading to selective
condensation, self-assembly, and accumulation of imaging
agents in specific protease-overexpressed tumor cells. For
instance, they first proposed a molecular design for caspase-3-
mediated condensation and assembly of biotinylated nano-
particles. The reported nanoparticles were able to capture
fluorescein isothiocyanate (FITC) labeled streptavidin on its
surface for an enhanced “turn on” fluorescence signal82 that
was sensitive enough to even detect caspase-3 activity at low
concentrations. Subsequently, the group went on to system-
atically develop magnetic resonance imaging (MRI)83 (Figure
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4a), dual AIE84 (Figure 4b), and radioactive85,86 (Figure 4c)
probes which are able to undergo furin-controlled condensa-
tion to self-assemble into nanoparticles in tumor cells for
enhanced MR contrast within tumors, improved fluorescence
detection of furin activity in cells, and micropositron emission
tomography (microPET) imaging of tumors in nude mice,
respectively. Gambhir and co-workers have also expanded the

versatility of this enzyme-responsive bi-orthogonal condensa-
tion reaction to enhance photoacoustic imaging in vivo,
reporting furin and furin-like activity in cells and tumor mice
models87 (Figure 4d). In addition, Liang and co-workers have
also developed MRI contrast agents sensitive toward γ-
glutamyltranspeptidase88 and legumain89 by utilizing the
versatile condensation reaction strategy as well.

Figure 4. (a) Schematic illustration of a furin-controlled condensation and self-assembly of Gd-NPs with representative coronal MR images of mice
with subcutaneously xenografted tumors. Reproduced with permission from ref 83. Copyright 2013 Springer Nature. (b) Schematic illustration of
furin-controlled dual AIE for enhanced fluorescence sensing of furin activity with representative fluorescence imaging data in cells. Reproduced with
permission from ref 84. Copyright 2017 Royal Society Chemistry. (c) Schematic illustration of furin-guided Ga nanoparticles formation and
representative whole body coronal microPET images of tumor-bearing mice at different time points upon different treatments. Reproduced with
permission from ref 85. Copyright 2019 American Chemical Society. (d) Schematic illustration of a furin-controlled condensation and subsequent
self-assembly to generate photoacoustic contrast with representative photoacoustic images of mice tumors. Reproduced with permission from ref
87. Copyright 2013 American Chemical Society.
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Thereafter, Rao and co-workers also developed an intra-
molecular macrocyclization strategy to image local protease

activity intracellularly23 (Figure 5a). Furin proteolytic cleavage
and glutathione reduction were employed to reveal the 1,2-

Figure 5. (a) Schematic illustration of enzyme-controlled macrocyclization reaction in cells. (b) Fluorescence imaging of furin-triggered localized
macrocyclization in live cells. Panels a and b reproduced with permission from ref 23. Copyright 2011 Wiley-VCH. (c) Illustration of the proposed
caspase-3/7 and reduction-controlled bi-orthogonal intramolecular cyclization reaction, followed by self-assembly into nanoaggregates in situ. (d)
Longitudinal fluorescence imaging of doxorubicin-treated (top) and saline-treated (bottom) tumor-bearing mice over 24 h. Panels c and d
reproduced with permission from ref 90. Copyright 2014 Springer Nature.

Figure 6. (a) Schematic representation of logical nanoparticle sensors. (b) MRI visualization of logical function. Panels a and b reproduced with
permission from ref 94. Copyright 2007 American Chemical Society. (c) Schematic illustration of intracellular furin-mediated formation of
nanoparticle aggregates. (d)1H MRI of tumor in tumor-bearing zebrafish. Panels c and d reproduced with permission from ref 95. Copyright 2019
Wiley-VCH.
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aminothiol group, at which an intramolecular condensation
would take place with 2-cyano-6-hydroxyquinoline (CHQ)
from the same molecule, yielding amphiphilic products that
self-assemble into fluorescent nanoparticles intracellularly at
sites with high furin activity (Figure 5b). In comparison with
the bimolecular condensation strategy reported previously, the
merit lies with added leverage of the CHQ moiety not being
subjected to endogenous competition with cysteine. Further-
more, the condensation reaction is also kinetically faster and
not concentration-dependent because it takes place intra-
molecularly. Improved correlation between aggregation sites
and location of high enzymatic activity can be achieved as the
enzymatic activity is now the rate-limiting step in the

formation of the aggregated macrocycles. Subsequently, many
have adapted this reaction strategy and developed a series of
peptide-based nanoprobes responsive toward caspases in order
to study cellular apoptosis. For instance, Rao and co-workers
first reported caspase-3/-7-triggered bi-orthogonal macro-
cyclization to form nanoaggregates allowing for the effective
monitoring of chemotherapy response in vivo90 (Figure 5c).
Upon enzymatic cleavage and intramolecular macrocyclization,
the rigid and hydrophobic residues successfully aggregated in
situ, allowing for in vivo tumor responses to be detected
serially throughout the entire course of chemotherapy (Figure
5d) due to strong correlation between changes in tumor size
and degree of observed fluorescence. Along with its non-

Figure 7. (a) Illustration of bacterial infection imaging based on an in vivo aggregation strategy. (b) Chemical structure of Ppa-PLGVRG-Van. (c)
3D reconstruction of an infected site 24 h after intravenous injection of Ppa-PLGVRG-Van. Panels a−c reproduced with permission from ref 99.
Copyright 2016 Wiley-VCH. (d) Schematic representation of macrophage chemotaxis-instructed S. aureus infection detection in vivo and the
molecular component of the probe (MPC). (e) PA images of intracellular infection in vivo over 36 h after intravenous administration of MPC and
control probe. Panels d and e reproduced with permission from ref 101. Copyright 2018 American Chemical Society.
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invasive nature, the designed probe demonstrated potential
practical applications in rapid and real-time imaging of drug-
induced tumor apoptosis. Shortly after, utilizing the same
caspase-mediated nanoparticle self-assembly approach, cas-
pase-3/-7 activatable gadolinium-based MRI probes were
developed to study tumor apoptosis in mice91 and stem cell
apoptosis in arthritic joints.92 Ye and co-workers have also
expanded the versatility of this proteolytic enzyme mediated
intramolecular macrocyclization reaction to enhance the
performance of photoacoustic imaging.93

Other than biocompatible condensation and intracellular
macrocyclization reaction strategies for controlled assembly of
nanostructures in living cells, enzyme-activated self-assemblies
have also been further adapted for intracellular aggregation of
nanoparticles surface conjugated with responsive peptide
substrates. Bhatia and co-workers first reported the design
and synthesis of nanoparticles that perform Boolean logic
operations using two proteolytic inputs (MMP-2/-7) asso-
ciated with unique aspects of tumorigenesis (Figure 6a).94 Two
different kinds of super-paramagnetic Fe3O4 nanoparticles
were designed, the first comprising a tethered biotin ligand and
the other its neutravidin receptor. Subsequent conjugation of
peptide-polyethylene glycol (PEG) via MMP-2/-7 substrates
restricted coalescence of the nanoparticles to only occur in the
presence of the enzymes. The enzyme-mediated self-assembly
of initially dispersed super-paramagnetic Fe3O4 nanoparticles
amplified the T2 relaxation rate of the hydrogen protons
(Figure 6b), enabling remote, MRI-based detection of logical
operations, showing potential applications in monitoring

complex disease signatures such as cancer. Much later on,
Liang and co-workers intuitively made use of furin- (Figure
6c)95 and caspase-3/-7-responsive96 biocompatible condensa-
tion reaction strategies to similarly activate the aggregation of
Fe3O4 nanoparticles for enhanced T2 MR imaging of tumors
(Figure 6d) and tumor apoptosis as well. Most recently, the
photothermal conversion efficiency of furin-aggregated Fe3O4
nanoparticles was also evaluated for potential image-guided
photothermal therapy.97

2.2. Detection of Bacterial Infections. Apart from the
manifestation of tumors, bacterial infections are also significant
clinical diseases with high mortality rates. While traditional
antibiotic treatment can effectively eliminate bacteria, its long-
term widespread use has led to an evolution of resistance.54

Hence, the increase in bacterial resistance98 has demanded for
in situ self-assembled nanomaterials to be adapted as probes
for rapid and accurate detection of bacterial infections. For
instance, Wang and co-workers have adapted in situ
aggregation strategies for peptide-based nanoprobes to greatly
enhance photoacoustic detection of bacterial infections. They
first reported a peptide molecular probe that is able to
differentiate sterile inflammation from bacterial infection in
vivo, specifically identifying gelatinase-positive and Gram-
positive bacterial species with high sensitivity99 (Figure 7a).
The molecular probe (Ppa-PLGVRG-Van) consists of
vancomycin (Van) as a targeting ligand and pyropheophor-
bide-α (Ppa) as a signaling molecule linked together by a
gelatinase-responsive peptide linker (Pro-Leu-Gly-Val-Arg-
Gly) (Figure 7b). Ppa-PLGVRG-Van selectively binds to the

Figure 8. (a) Schematic illustration of DPBP as a probe for autophagy detection. (b) CLSM images of normal and autophagic (rapamycin-treated)
cells treated with DPBP and C-DPBP (control probe). Panels a and b reproduced with permission from ref 108. Copyright 2017 American
Chemical Society.
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cell wall of Gram-positive bacteria, while the overexpression of
gelatinase then selectively cleaves the peptide linker, releasing
residues with enhanced hydrophobicity that aggregate and
subsequently self-assemble in the form of twisted fibers.
Bacterial infections were reported to be accurately detected
real-time and non-invasively due to the increased efficiency in
heat conversion and amplification of the photoacoustic signal
(Figure 7c). Intriguingly, photoacoustic signals for Staph-
ylococcus epidermidis (S. epidermidis; Gram-positive strain) and
Proteus vulgaris (P. vulgaris; gelatinase releasing strain) were
around two times brighter than the control, whereas the
enhanced photoacoustic signal observed for S. aureus (Gram-
positive and gelatinase releasing strain) was more than three
times stronger. After successful implementation of their first
chlorophyll-peptide system, the group further strived to
quantitatively detect bacterial infections real-time.100 They
proposed caspase-1 (bacterial infection precaution protein)
activated substrate molecules (P18-YVHDC-TAT) and moni-
tored the dynamic equilibrium of binary states through
ratiometric photoacoustic signals. Enzymatic activities were
successfully quantified without cell lysis due to strong
correlation between the observed signal and aggregation
tendency, paving way for quantitative and non-invasive
detection of bacterial infections in vivo. Subsequently, Wang
and co-workers designed another chlorophyll peptide-based
photoacoustic agent with the ability to detect intracellular S.
aureus infections101 (Figure 7d). The peptide-based photo-
acoustic agent, mannose-Tyr-Val-His-Asp-Cys-Lys-(Ala-P18)
(MPC), is comprised of three parts, an active targeting ligand
(mannose), a tailoring motif sensitive toward caspase-1
enzymatic cleavage, and a photoacoustic signaling motif.
Upon recognition and internalization by infected macrophages,
activated caspase-1 cleaves the peptide substrate and detaches

its photoacoustic signaling motif. The residues accumulate and
assemble to form J-type aggregates capable of aggregation-
induced retention effect, significantly enhancing the infected
regions by over 2.6-fold (Figure 7e). The MPC showed
improved specificity and sensitivity in the bio-imaging of
bacteria, enabling the in vivo detection of early stage bacterial
infections. In addition, Wang and co-workers have most
recently developed gold nanoparticles modified with functional
peptides as photoacoustic contrast agent for detection of
bacterial infections in vivo.102 Nanoparticles (AuNPs@P1)
were specifically tailored with surface peptides responsive
toward bacterial-overexpressed collagenase IV to confer in situ
aggregation properties upon proteolytic activation, resulting in
increased nanoparticle accumulation at infected sites along
with active targeting. The dynamic aggregation of AuNPs@P1
along with local surface plasmon resonance (LPSR) effect
showed dramatically enhanced photoacoustic signals, poten-
tially providing an alternative approach toward the early
detection of bacterial infections in vivo.

2.3. Other Imaging Applications. Autophagy is an
essential metabolic process dependent on the lysosome to
remove dysfunctional organelles and damaged proteins for
degradation.103 It is often associated with numerous
mammalian pathologies104,105 including infections,106 neuro-
degenerative disorders,55 and aging.107 As such, the study of
autophagic levels and their function during therapeutic
processes would be vital in providing useful information for
improved therapeutic potential. Wang and co-workers reported
an effective responsive probe capable of monitoring autophagy
in living cells real-time108 (Figure 8a). The probe (DPBP)
consists of a bulky dendrimer carrier linked with bis(pyrene)
signaling molecules on the surface via autophagy-specific
enzyme (Atg4B) responsive peptide linkers. Observed to be

Figure 9. (a) Schematic representation of stimuli-instructed construction of controllable nanoaggregates for monitoring tumor therapy response.
(b) Confocal images of corresponding PPCs with and without (inset images) treatment of the correlated stimuli. (c) Real-time confocal images of
cells after treatment with PPCs. (d) Retention effect of PPCs in viable cells. (e) Longitudinal fluorescence imaging of PPCs monitoring therapeutic
results. Panels a−e reproduced with permission from ref 109. Copyright 2017 American Chemical Society.
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quenched in normal cells, the fluorescence property of DPBP is
activated only upon autophagic activation which releases the
bis(pyrene) signaling moiety. Self-assembling properties of the
residues allowed a 30-fold dramatically enhanced fluorescence
for autophagic levels to be quantitatively evaluated. As shown
by confocal laser scanning microscopy (CLSM) data,
rapamycin-treated (autophagy-induced) cells were observed
with intense green fluorescence by DPBP, whereas no obvious
signal was obtained from cells incubated with a control
containing an unresponsive peptide sequence (Figure 8b).
This work has demonstrated the merits of in situ enzyme-
mediated intracellular self-assembly in providing a fast and
effective method to quantitatively monitor autophagic levels
real-time in living systems, potentially becoming a useful tool
for future autophagy-related studies.

Alternatively, autophagy and other physiological changes
were also monitored via a general endogenous stimuli-induced
aggregation (eSIA) strategy, in which functional nano-
aggregates were constructed in situ due to the isothermal
phase transition property of thermosensitive polymer−peptide
conjugates (PPCs)109 (Figure 9a). The designed PPCs mainly
comprise three parts, a thermosensitive polymer backbone
(PNIPAAm), a signal-molecule label, and a grafted hydrophilic
peptide side chain with endogenous stimuli-cleavable motifs.
Initially, the PPCs exist in extended states with lower critical
solution temperatures above 37 °C. Upon enzymatic cleavage
of the hydrophilic peptide, the residues with decreased lower
critical solution temperatures (less than 37 °C) spontaneously
self-assemble to form uniform spherical nanoaggregates (600−
700 nm) intracellularly. Subsequent labeling of the PPCs with
fluorescent molecules allowed for signal correlation with three

Figure 10. (a) Schematic illustration of cancer cell death induced by molecular self-assembly of an enzyme-responsive supramolecular gelator and
molecular structure of ER-C16. (b) Viability assays of cancer cells and normal human cells after incubation with ER-C16 and MMP-7
concentration in the culture media after culturing the cells. PE represents primary human pancreatic epithelial cells. (c) Live/dead assays of HeLa
cells (left) and MvE cells (right) using CLSM and a coculture system. Panels a−c reproduced with permission from ref 111. Copyright 2015
American Chemical Society. (d) Schematic illustration of the furin-instructed self-assembly of 1-Nap for cancer cell inhibition. (e) Chemical
structure and schematic illustration of the conversion of 1-Nap into nanoparticles via a rapid precipitation process and furin-instructed conversion
of the nanoparticles into nanofibers. (f) IC50 values of 1-Nap against different cell lines. (g) In vivo anticancer efficacy of the different compounds.
Panels d−g reproduced with permission from ref 117. Copyright 2020 Royal Society of Chemistry.
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different endogenous stimuli of interest: Atg4B for autophagy,
glutathione (GSH) reduction for antioxidant defense, and
caspase-3 for apoptosis (Figure 9b). Long-term fluorescence
spectroscopic recording of the aggregation process revealed
that the nanoaggregates exhibited enhanced retention effect in
cells due to stimuli-induced aggregation (Figure 9c).
Furthermore, compared to nonresponsive PPCs and dye-
labeled peptides, the responsive PPCs also showed significantly
brighter signals from 2 h postincubation for up to 24 h (Figure
9d), allowing for quantification and specific identification of
the corresponding endogenous factor. This generic strategy is
expected to facilitate high-performance dynamic monitoring of
therapeutic progresses in vivo (Figure 9e).

3. PROTEASE-ACTIVATED SELF-ASSEMBLIES FOR
THERAPY

Apart from accumulation of imaging agents for early disease
diagnostics, active retention of therapeutic material at the
targeted diseased area is also crucial for effective treatment
subsequently. Although some therapeutic small molecules have
been developed to effectively target diseased areas, they are
often prematurely excreted, thus reducing their bio-availability
for an effective therapeutic effect.110 To solve this problem, an
added ability to assemble into larger nanostructures in situ can
help retain therapeutic agents at target sites for prolonged
periods of time. Due to differing microenvironments between
infected and normal tissues, developments in specific

Figure 11. (a) Schematic representation of micelle to fiber transition induced by MMP-9 cleavage for prolonged drug release and chemical
structure of the biocatalytic gelation system and its components. (b) Atomic force microscopy (AFM) images showing micellar aggregate to fiber
transformation. Panels a and b reproduced with permission from ref 118. Copyright 2015 Royal Society of Chemistry. (c) In vivo tumor
progression of treated tumors. (d) Effect of MMP-9-cleavable peptides and doxorubicin on proliferation of cells in vitro and (e) corresponding
MTT assay data. Panels c−e reproduced with permission from ref 119. Copyright 2016 Elsevier. (f) Structure of representative branched peptide
and ENTK cleaving the branch to convert micelles to nanofibers on mitochondria. (g) TEM images of micelle to fiber transformation after adding
ENTK. (h) Fluorescent images of HeLa and U87MG cells incubated with branched peptide for 2 h. (i) Fluorescence images of branched peptide
and MitoTracker in HeLa cells. (j) HeLa cells treated with RPE and branched peptide for 2 h. (k) TEM images of mitochondria isolated from
HeLa cells after being incubated with branched peptide for 2 and 24 h. Panels f−k reproduced with permission from ref 120. Copyright 2018
American Chemical Society.
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construction of assemblies in infected areas have demonstrated
promising therapeutic applications such as in having antitumor
and antibacterial properties, acting as drug carriers, aiding in
photosensitizer delivery and even wound recovery.
3.1. Self-Assemblies with Anti-tumor Effect. The

formation of assemblies with antitumor properties is an
interesting strategy that affects tumor cells directly through
intracellular self-assembly of peptide derivatives. This
selectively causes stress to the affected organelles and
specifically leads to the death of tumor cells eventually.
Maruyama and co-workers first reported an MMP-7-responsive
supramolecular gelator111 which undergoes intracellular self-
assembly to induce the death of cancer cells (Figure 10a). The
designed supramolecular gelator precursor (ER-C16) com-
prises four distinct components, a 16-carbon alkyl chain which
contributes hydrophobic interactions that can enhance the self-
assembly in aqueous solution, an amphiphilic tetrapeptide
segment that is able to act as both hydrogen bond acceptor and
donor and is thus a major building block, a peptide sequence
cleavable by cancer-related overexpressed MMP-7 that can
induce the self-assembly giving rise to gelation, and last a
cationic peptide sequence which prevents premature formation
of nanofibers before enzymatic hydrolysis. Cancer cells
secreting exorbitant quantities of MMP-7 transform the
precursor into the supramolecular gelator before they are
taken up by the cells. Once inside the cells, the supramolecular
gelator molecules self-assemble into nanofibers which exerted
vital stress on the affected cells, critically impairing their
cellular function which led to an inevitable cell death. The
different amounts of MMP-7 secreted specifically by cancer
cells were found to be proportional to the cytotoxicities
observed. Furthermore, the gelator precursor was reported to
show low cytotoxicity toward normal cells but prominent
cytotoxicity toward five dissimilar cancer cell lines (Figure
10b). The exposure of the precursor to a coculture of normal
and cancer cells confirmed that the cytotoxicity was selective
toward cancer cells (Figure 10c). Since the cytotoxic
mechanism is unique, cancer cells are unlikely to develop
resistance to this technique in comparison to molecularly
targeted treatment and conventional cytotoxic chemotherapy,
hence holding great potential for novel therapeutic applications
in which molecular self-assembly is the mechanism for
observed cytotoxicity.
Proteostasis is a vital biological process in order to maintain

cellular survival. Its distortion results in the buildup of
endoplasmic reticulum (ER) stress, eventually initiating
cellular apoptosis.112,113 Neurodegenerative diseases can be
caused by severe ER stress-mediated apoptosis, therefore
highly anticipated as a new therapeutic target for cancer
therapy.114−116 Inspired by this phenomenon, Ou and co-
workers have utilized furin-controlled self-assembly of nano-
fibers in situ to actuate ER stress-mediated apoptosis for
potential cancer therapy117 (Figure 10d). They designed a
small molecule (1-Nap) comprising a self-assembling peptide
moiety (GFF-Nap) directly conjugated to a positively charged
tetrapeptide furin-cleavable sequence (RVRR). This not only
endows the molecule with the ability to easily internalize into
cells but also enables its attachment to membranous organelles
such as the Golgi body and ER. The designed small molecules
can self-assemble ex situ into spherical nanoparticles (69.9−
149.1 nm) under stirring with the hydrophilic peptide segment
as the outer layer and aromatic peptide residues packed inside
with the naphthyl group. Upon enzymatic cleavage in furin-

overexpressed tumor environments, the initial spherical 1-Nap
nanoparticles transformed and self-assembled into long
filamentous 1-Nap nanofibers (8.9−13.4 nm) (Figure 10e).
Further experimental data have confirmed that the self-
assembling ability of 1-Nap instructed by furin is indispensable
in actuating ER stress and subsequent activation of tumor
apoptosis despite its ER-targeting interactions. As such, the
group reasonably hypothesized that the transport of proteins
from ER to Golgi required for proteostasis and homeostasis
was cut off by the fibrous assemblies near the Golgi complex.
This subsequently activates the ER stress-mediated apoptosis
to attain antitumor and cancer suppression effects selectively in
furin-overexpressed cell lines (Figure 10f) and solid tumors in
vivo (Figure 10g). Their work has provided the possibility for
new developments in cancer therapeutics by virtue of targeted
disruptions to cellular proteostasis through molecular self-
assembly.

3.2. Self-Assemblies for Drug Delivery. Self-assemblies
can also act as nanocarriers for drugs to target sites, facilitating
in their effective transport and sustained release for enhanced
therapeutic effects. Uljin and co-workers first reported the
termination of tumor growth by MMP-9-activated construc-
tion of doxorubicin-loaded nanofibrous depots.118,119 The
group designed peptide amphiphiles that exist as spherical
micelle aggregates initially (Figure 11a). Upon activation of
MMP-9, the amphiphiles subsequently undergo an in situ
enzyme-triggered transformation to form filamentous fibers
intracellularly (Figure 11b). In addition to the possible
morphological change, the micelles were also reported as
potential mobile drug carriers due to their ability in effectively
encapsulating doxorubicin for subsequent controlled release.
Taking advantage of aberrant MMP-9 overexpression in
various cancers, these mobile drug carriers have been specially
engineered to transport the payload to tumors specifically by
assembling into localized fiber depots. Sustained drug releases
for prolonged periods were successfully observed as a result of
the intrinsic biodegradability of the peptide carriers and its
partial drug entrapment. Further experiments conducted with
xenograft tumor models revealed the stunt in tumor growth
caused by administration of the doxorubicin-loaded peptide
amphiphiles (Figure 11c,d). Additionally, the peptide
amphiphiles were reported with negligible toxicity toward
cells (Figure 11e), therefore very suitable as potential in vivo
carriers of doxorubicin unlike previously reported peptide
conjugates used for drug delivery. Furthermore, in contrast to
available combination therapies in which the sole peptide
component itself already displays toxicity, the nontoxic nature
of the reported carrier would greatly improve the therapeutic
efficacy of the anticancer drug. As such, the group has
successfully assimilated guided therapy with the pathological
hallmark of metastasis, in which a negative prognostic indicator
was reversed to trigger a treatment response instead. It is no
doubt that their work presented new perspectives into the
design of novel enzyme-activated carriers for drug delivery with
potential practical applications in cancer therapy.
Recently, Xu and co-workers reported using enzyme-

activated self-assembly to target the delivery of cargos to the
mitochondria, illustrating an alternative to target subcellular
organelles for biomedical applications120 (Figure 11f). The
reported branched peptide molecule consists of the well-
known protein FLAG-tag as the substrate for enzyme
recognition and cleavage, conjugated via a glycine linker to a
self-assembling peptide sequence with improved fluorescence
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upon self-assembly due to incorporation of a nitrobenzox-
adiazolyl ethylenediamino moiety, affording micelle-forming
precursors. Upon uptake by the cells, intracellular enterokinase
(ENTK) cleaves the hydrophilic FLAG motif (DDDDK),
transforming the micelles into nanofibers (Figure 11g) which
were localized mainly at the mitochondria of tumor cells
(Figure 11h,i). Micelles made up of the precursor molecules
were reported with the ability to deliver cargos such as red
phycoerythrin (RPE) and doxorubicin (Dox) into cells, mainly
to the mitochondria in 2 h (Figure 11j). Cells treated for 2 and
24 h were observed with nanoparticles and nanofibers
surrounding the mitochondria, whereas controls were observed
with neither (Figure 11k). And as expected, mitochondria
targetability similarly diminished upon ENTK proteolytic
inhibition. Their work demonstrated an alternative successful
mitochondrion targeting strategy based on enzyme-mediated
transformation of negatively charged branched peptides.
Interestingly, this is also the first reported attempt in delivering

molecular cargo specifically to the mitochondria via an
enzymatic self-assembly, therefore providing new perspectives
into the process of targeting subcellular organelles with
innovative molecular design for biomedicine and potential
future applications of protease-instructed assembly.
Alternatively, the biocompatible condensation strategy

previously mentioned for regulated construction of intra-
cellular nanostructures was subsequently adapted for ther-
apeutic drug delivery applications.22 Liang and co-workers
reported a new approach in tackling multidrug resistance
(MDR) via an intracellular self-assembly of nanodrugs121

(Figure 12a). The reported Taxol derivative (CBT-Taxol)
comprises 2-cyanobenzothiazole (CBT), disulfide-function-
alized cysteine, Taxol conjugated to the lysine side chain,
and positively charged tetrapeptide substrate (RVRR) for
specific furin recognition and improved cellular uptake. Upon
entering a furin-overexpressed tumor microenvironment, CBT-
Taxol is reduced by glutathione and undergoes furin-mediated

Figure 12. (a) Chemical structures of CBT-Taxol and schematic illustration of intracellular furin-controlled self-assembly of Taxol-NPs for anti-
MDR. (b) Cell viability study of parental HCT 116 cells and Taxol-resistant HCT 116 cells on treatment with Taxol or CBT-Taxol. (c) Tumor
weight of nude mice treated with control vehicle, Taxol, and CBT-Taxol co-injected with CBT precursor. Panels a−c reproduced with permission
from ref 121. Copyright 2015 Wiley-VCH. (d) Schematic illustration for the formation of Olsa-NPs by furin-mediated intracellular reduction and
condensation of Olsa-RVRR for enhanced CEST signal and tumor treatment efficacy. (e) MRI of tumor-bearing mice after intravenous injection of
Olsa-RVRR or Olsa. (f) Cell viabilities of HCT116, LoVo, and furin inhibitor (FI) pretreated HCT116 cells incubated with Olsa-RVRR. (g)
Relative tumor sizes at day 33. Panels d−g reproduced with permission from ref 122. Copyright 2019 Springer Nature.
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condensation to produce hydrophobic oligomers that sponta-
neously self-assemble into Taxol nanoparticles (Taxol-NP) at
localized areas with high furin activity, especially near the Golgi
bodies. Consequential to their large size and hydrophobicity,
the Taxol-NPs adhere firmly onto the membrane of organelles
and are thus less likely to be pumped out by P-glycoprotein.

This effectively resulted in prolonged intracellular circulation
for slow and sustained therapeutic release of free Taxol to
continuously bind with tubulin for a reduced MDR in cancer
cells. Apart from being a furin recognition substrate, the cell-
penetrating peptide (RVRR) was also reported to greatly
improve the bio-availability, cellular uptake, and water

Figure 13. (a) Chemical structure of PPAs and schematic illustration of its self-assembly and subsequent delivery to infarct tissue through leaky
acute MI vasculature and forming aggregate-like scaffold. (b) TEM images of nanoparticles (top) transformed to aggregate-like scaffold (bottom)
upon activation. (c) Retention of responsive nanoparticles assessed 6 days postinjection. H&E images displaying the infarct area (left) and
neighboring fluorescent sections (middle). Particles are shown in red, and myocardium is shown in green. Selected regions (white outline) were
magnified to highlight particle aggregation (right). Panels a−c reproduced with permission from ref 123. Copyright 2015 Wiley-VCH. (d)
Schematic illustration of nanoparticle assembly and subsequent morphology change in response to MMP. (e) Comparison of MMP-responsive
nanoparticles (blue) to non-MMP-responsive nanoparticles (red) following intratumoral injection. (f) Comparison of MMP-responsive
nanoparticles (blue) and non-MMP-responsive nanoparticles (red) vs clinical PTX (green) following an intravenous injection. (g) MTD of
intravenous injection of MMP-responsive nanoparticles and clinically formulated PTX. Panels d−g reproduced with permission from ref 124.
Copyright 2015 Wiley-VCH.
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solubility of Taxol. Not only did the intracellular self-assembly
of Taxol-NPs prolong its circulation time, it also significantly
increased the local concentration of Taxol. Biocompatibility of
the entire strategy was assured throughout, starting from the
choice of raw materials used for synthesis to the condensation
reaction selected to assemble the Taxol-NPs. CBT-Taxol
demonstrated 4.5- and 1.5-fold increased anti-MDR perform-
ances compared to Taxol in vitro (Figure 12b) and in vivo
(Figure 12c), respectively. The experiments were conducted
with Taxol-resistant HCT116 cancer cells and implanted
tumors, with CBT-Taxol showing negligible toxicity toward the
experimented cells and mice. Their results have demonstrated
the potential of a new and optimized approach in overcoming
tumor MDR by virtue of intracellular self-assembly of protease-
labile agents into nanodrugs.
Subsequently, Bulte and co-workers also adapted the

strategy for enhanced MRI and tumor therapy via furin-
activated intracellular self-assembly of olsalazine nanopar-
ticles122 (Figure 12d). The group conjugated cell-penetrating
peptide (RVRR) to olsalazine (Olsa), an anticancer agent.
Exploiting the biocompatible condensation reaction, individual
Olsa-RVRR molecules were aggregated by tumor-associated
enzyme furin in situ, forming large intracellular nanoparticles.
Chemical exchange saturation transfer (CEST) MRI due to the
exchangeability of Olsa hydroxyl protons allowed for both Olsa
nanoparticles and Olsa-RVRR to be readily detected (Figure
12e). MRI results have reflected a 15- and 6.5-fold increase in
CEST signal in vitro and in vivo, respectively, in comparison to
free Olsa. Consequential to the extended periods of drug
exposure and improved intracellular retention, Olsa-RVRR
demonstrated 20- and 5.2-fold increased cytotoxicity toward
HCT116 tumor cells in vitro (Figure 12f) and HCT116

murine xenografts in vivo (Figure 12g), respectively.
Intriguingly, the work also claimed an outstanding “theranostic
correlation” between the observed therapeutic response and
imaging signal (R2 = 0.97). As such, the presented furin-
activated MRI-detectable strategy has shown great potential in
the further development of theranostic platforms for enhanced
image-guided cancer therapy.
On the other hand, Gianneschi and co-workers reported

enzyme-transformable nanoparticles for extended retention
and targeted accumulation in heart tissues after myocardial
infarction (MI)123 (Figure 13a). The nanoparticles were
specially engineered to respond to MMPs present in acute
MI, in which they favorably transform from discrete micellar
morphologies to network-like scaffolds (Figure 13b). Based
with a polynorbornene backbone, the designed fluorescent
nanoparticles are composed of brush peptide−polymer
amphiphiles (PPAs) conjugated with MMP-2/-9-specific
peptide recognition sequences. Intravenous (IV) injection of
the enzyme-responsive nanoparticles enabled its free circu-
lation in the bloodstream until they enter an infarct via a post-
MI leaky vasculature, in which the nanoparticles will
accumulate and spontaneously self-assemble at the injury for
approximately 28 days (Figure 13c). The minimally invasive
nature of this unique delivery approach could potentially
preclude the current use of dangerous intramyocardial
injections and provide immediate therapeutic relief post-MI.
Subsequently, the same group further adapted their MMP-
activated nanoparticle strategy as a delivery platform for
sustained chemotherapeutic release observed with low
toxicity.124 Nanoparticles adopting micellar morphologies
were once again constructed via direct diblock copolymeriza-
tion with paclitaxel (PTX) as the hydrophobic core and MMP

Figure 14. (a) Illustration of the microenvironment-sensitive strategy for covalent cross-linking of peptide-premodified UCNs in tumor areas. (b)
Quantification of singlet oxygen generation before and after enzyme-triggered CRUN or covered by 2 mm thick pork tissue when exposed to 808 or
660 nm laser irradiation. (c) Photoacoustic signals in tumor region after injection of CRUN. (d) Photographs of tumor-bearing mice after 11 days
of treatment with CRUN (group 1), NCRUN (group 2), CRUN without NIR light irradiation (group 3), and saline (group 4). (e) Tumor volume
change as a function of time in treated groups to evaluate the effectiveness of PDT treatment in vivo. Panels a−e reproduced with permission from
ref 125. Copyright 2016 Springer Nature.
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peptide recognition substrates on the micellar surface. When
subjected to microenvironments upregulated with MMP
activity, the nanoparticles shed their peptide shell and undergo
a dramatic morphological change from 20 nm discrete
spherical micelles to micrometer-scale assemblies (Figure
13d). Nanoparticle-bound PTX would gradually be released
from the scaffold via hydrolysis, demonstrating an outstanding
stunt in tumor growth for approximately 12 days post-
intratumoral administration (Figure 13e). Intriguingly, com-
plete remission was even reported for one of the tested
subjects two months post-treatment. In contrast, there were no
significant differences between the MMP nonresponsive group
and other controls throughout the entire observation period,
demonstrating the necessity of a molecular transformation in
order for the materials to function. In addition, mice IV-
injected with MMP-responsive nanoparticles showed success-
ful suppression of tumor growth even after 2 weeks post-
treatment (Figure 13f), whereas despite experiencing rapid
proliferation 10 days postinjection, most of the saline cohort
were observed with near-lethal tumor volumes just 4 days
thereafter. Furthermore, not only did the observed tumor
suppression effect of MMP-responsive nanoparticles almost

parallel to that of clinical PTX, the maximum tolerated dose
(MTD) observed was also an astounding 16 times higher than
clinical PTX before inducing any overt clinical toxicity apart
from a weight loss of 10% on day 1 with full recovery observed
within the next 3 days (Figure 13g). This implies that, at
comparable dosages, the proposed MMP-9-activated strategy
has significantly reduced toxicity, which potentially enhances
its therapeutic efficacy compared to clinical PTX. This work
has provided a new perspective into the design of drug-
delivering nanomaterials by virtue of an enzyme-activated
morphological transformation to guide the in vivo accumu-
lation of drugs for improved therapeutic efficacy and safety by
limiting off-target toxicity.

3.3. Self-Assemblies for Photosensitizer Delivery.
Besides the delivery of drugs, photosensitizers can also be
encapsulated and efficiently delivered to targeted tumor sites
for photothermal and photodynamic therapy. Xing and co-
workers have developed a novel microenvironment-sensitive
strategy for tumor localization of cathepsin B-responsive
upconversion nanocrystals (CRUN)125 (Figure 14a). Upon
specific proteolytic cleavage by cathepsin B overexpressed in
tumor microenvironments, the exposed cysteine and 2-

Figure 15. (a) Chemical structure of P18-PLGVRGRGD and schematic illustration of gelatinase-responsive construction of nanofibers for
improved PA imaging and therapeutic efficacy. (b) Real-time photoacoustic images of tumor site up to 24 h postinjection. (c) Time-dependent
tumor volume change of different treatments. (d) Representative images of tumor size before and after different treatment. (1, P18-PLGVRGRGD;
2, non-gelatinase-responsive control). Panels a−d reproduced with permission from ref 126. Copyright 2015 Wiley-VCH.
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cyanobenzothiazole of neighboring particles covalently cross-
link to induce aggregations of CRUN specifically at tumor
sites. This enzyme-activated cross-linking of CRUN led to an
effective increase in upconversion emission when irradiated,
consequently amplifying the reactive oxygen (1O2) production
for enhanced photodynamic therapeutic effects (Figure 14b).
Encouraged by the favorable results in vitro, the in vivo
theranostic efficacy of CRUN was examined via an intra-
tumoral injection into nude mice implanted with cathepsin B
overexpressing tumor. The results have shown a significant
increase in photoacoustic intensity 4 h postinjection compared
to the signal prior to the injection. Additionally, CRUN
injected tumors showed a 30% decrease in photoacoustic
intensity than those injected with non-cathepsin B-responsive
upconversion nanocrystals (NCRUNs), suggesting successful
enzyme-activated aggregation in vivo (Figure 14c). Further-
more, CRUN-mediated PDT treatment significantly inhibited
tumor growth in group 1, compared to that of group 2 injected
with NCRUN and two other control groups, indicating that
enzyme-triggered aggregation at the tumor site played an
indispensable role in enhancing the therapeutic outcomes
(Figure 14d). Subsequently, folic acid affinity ligands were
further conjugated to CRUN (FA-PEG@CRUN) to enhance
the tumor uptake efficiency for subsequent in vivo studies

administered via intravenous injection. As expected, the tumors
injected with FA-PEG@CRUN displayed more effective
inhibition than those injected without the surface modification
under the same conditions. More notably, the presence of a
pork tissue to mimic clinical skin significantly compromised
the therapeutic efficacy at 660 nm irradiation compared to that
at 808 nm NIR irradiation, demonstrating the profound merits
of deep tissue penetration for NIR laser-mediated tumor
treatment (Figure 14e). The findings have demonstrated great
potential in offering a multimodality solution for site-specific
tumor treatment and effective molecular sensing.
Wang and co-workers have designed a small molecule

peptide precursor (P18-PLGVRGRGD) sensitive toward
gelatinase for improved tumor therapeutic efficacy and
enhanced photoacoustic imaging126 (Figure 15a). The
structure of the small molecule peptide precursor comprises
functional purpurin 18 (P18) molecule, peptide sequence
(PLGVRG) responsive toward gelatinase, and targeting ligand
(RGD) to associate with overexpressed αvβ3 integrins on
tumor cell membranes. Initially, the hydrophilic precursors
readily diffused, extravasated, and targeted cancer cells in the
physiological environment. Overexpression of gelatinase in the
tumor microenvironment cleaves the responsive peptide linker
selectively, resulting in residues with enhanced hydrophobicity

Figure 16. (a) Schematic illustration of the self-assembly of CPCs and the principle of enzyme-induced morphology transformation. (b) Confocal
microscope images of live/dead cell staining demonstrating the difference in killing efficiency of CPC-1 and CPC-2 upon exposure to gelatinase-
positive bacteria. (c) Quantification of surviving S. aureus in infected tissues on day 5 and their respective bacteria colonies. (d) Average
fluorescence signals at the infected sites at different times. Red arrows indicate injection at days 0, 1, 2, and 3. (e) In vivo optical imaging of S.
aureus-bearing mice after different treatments. White circles indicate infectious sites. (1, PBS (control); 2, CPC-2; 3, CPC-1). Panels a−e
reproduced with permission from ref 127. Copyright 2017 Wiley-VCH.
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that subsequently self-assembled at targeted tumor sites with
fibrous nanostructures. Due to the assembly-induced retention
(AIR) effect, these nanofibers demonstrated prolonged
retention time in tumors as seen from the time-dependent
photoacoustic signals of treated tumors (Figure 15b). Initially,
comparable photoacoustic signal intensities were observed in
both tumor sites for the first 2 h. However, the signal for the
non-gelatinase-responsive control diminished at 2 h post-
injection due to quick clearance from the tumor site. Further
quantification of the average photoacoustic signal for the
tumor site treated with P18-PLGVRGRGD showed an
astounding 16-fold higher intensity than that of the non-
gelatinase-responsive control at 8 h postinjection. Intriguingly,
long-time retention of the self-assembled scaffold was observed
with a half-retention time of nearly 24 h in the tumor site, 6
times more than that of the non-assembling control. In terms
of photothermal therapeutic efficacy, the tumor treated with
P18-PLGVRGRGD was suppressed entirely after 23 days, in
contrast to treatment with the non-gelatinase-responsive
control which progressively grew after 10 days under the
same irradiation conditions (Figure 15c). Representative
images of tumor-bearing mice for each group (Figure 15d)
visually validated the improved tumor inhibition capability of
P18-PLGVRGRGD owing to the added AIR effect of nanofiber

formation at tumor areas. After the treatment, the anhydride
group of P18 is slowly hydrolyzed to become more hydrophilic
molecules which resulted in disassembly and eventual
excretion. As such, AIR brought about by an in situ formation
of supramolecular structures was successfully demonstrated in
living systems with great potential in enhancing cancer
diagnostics and therapeutics.

3.4. Other Therapeutic Applications. In order to
effectively combat bacterial infections, a novel antibacterial
strategy was developed by Wang and co-workers. Spherical
antibacterial nanoparticles were transformed to fibrous
structures upon activation by an infection-induced upregulated
proteolytic activity to achieve enhanced antibacterial efficacy
with prolonged accumulation within infected sites127 (Figure
16a). The designed chitosan-peptide conjugates (CPCs)
endowed with the ability to change morphology in the
presence of bacteria secreted gelatinase demonstrated accu-
mulation, retention, and site-specific targeting which enabled
improved cytotoxicity and binding capability toward targeted
bacteria. The CPCs comprise three components, a chitosan
backbone, an antibacterial peptide CGGGKLAKLAK−KLA-
KLAK (KLAK), and a gelatinase-cleavable peptide (GPL-
GVRGC) with poly(ethylene glycol) terminal (EPEG). The
CPCs initially adopt spherical nanoparticle morphologies of

Figure 17. (a) Schematic illustration showing the in situ sprayed bioresponsive fibrin gel containing aCD47@CaCO3 nanoparticles within the
postsurgery tumor bed. (b) Cumulative release profiles of aCD47 from fibrin in solutions at different pH values. (c) In vivo bioluminescence
imaging of tumors after removal of primary tumor, showing aCD47@CaCO3@fibrin reducing recurrence of tumors after surgery. Panels a−c
reproduced with permission from ref 130. Copyright 2019 Springer Nature.
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about 34 nm in aqueous solutions. Upon coming into contact
with an infectious microenvironment, cleavage of the
gelatinase-responsive peptide sheds the protective PEG layer,
perturbing the hydrophilic/hydrophobic balance. The resulting
destabilized nanoparticles then spontaneously reorganize into
fibrous structures via chain−chain interaction of chitosan,
exposing the α-helical structures of KLAK due to its new
morphology. Inevitable disruption of bacterial cell membranes
would occur due to multivalent cooperative electrostatic
interactions with KLAK, resulting in higher observed
cytotoxicity than nontransformable CPCs as seen from the
obtained live/dead cell staining data (Figure 16b) and
quantification of surviving S. aureus in infected tissues (Figure
16c). Further in vivo experiments with S. aureus-bearing mice
have revealed higher accumulation of morphology-changing
CPCs (CPC-1) at infected regions compared to their
unchanging analogues (CPC-2) (Figure 16d). Moreover, due
to unique characteristics of the molecular design made possible
with the in situ morphological transition, the half-retention
time observed for CPC-1 was an astounding 4 days, while their
unresponsive analogues rapidly excreted in less than a day
(Figure 16e). As such, this pathological environment-driven
construction of polymer−peptide assemblies has offered a
novel strategy in designing high-performance nanomaterials
with improved binding affinity, effective accumulation, and
prolonged retention for an enhanced antibacterial effect,
therefore making great contribution toward developments in
treating lethal bacterial infections.
Intriguingly, protease-activated self-assemblies have also

been further adapted to facilitate the recovery of wounds due
to their ability in forming gel-like materials with blood clotting
properties for sustained release of therapeutic agents to aid
wound recovery. Thrombin is a serine protease playing
essential physiological roles in the regulation of hemostasis
and maintenance of blood coagulation. Upon activation from
prothrombin, thrombin converts fibrinogen to fibrin, which in
combination with platelets in blood results in the formation of
clots.128 Inspired by the specific, highly active, and well-defined
recognition sequence of this blood clotting enzyme, Soellner
and co-workers proposed the detection of proteolytic thrombin
activity via an in situ enzymatic gelation with potential practical
therapeutic applications.129 Three hydrophilic D-amino acids
and an oligo(ethylene glycol) unit were conjugated to the N-
terminus of a thrombin recognition sequence in order to
improve the solubility of the peptide gelator and avoid
premature gelation prior to the enzymatic cleavage. Upon
exposure to thrombin, the peptide gelator is released from its
hydrophilic moiety, forming a translucent gel within 10 min.
To emphasize the potential practical applications of this
gelation strategy, the group successfully demonstrated artificial
blood clots in human blood plasma, claiming useful
applications in promoting blood coagulation in bandages to
treat severe trauma. Intuitively, Gu and co-workers recently
developed a spray-on therapeutic gel technique to help with
postsurgical cancer immunotherapy. The in situ formation of
the therapeutic gel is specially engineered to not only prevent
development of distant tumors at tumor resection sites but also
inhibit local tumor recurrence after surgery130 (Figure 17a). As
proposed, a solution of pure thrombin enzyme and a solution
of fibrinogen mixed with calcium carbonate (CaCO3)
nanoparticles loaded with therapeutic agents were initially
contained in two separate chambers of a spray bottle. Upon
coadministration at a surgical wound, the enzymatic reaction

between fibrinogen and thrombin results in the in situ
formation of a fibrin gel. CaCO3 nanoparticles embedded in
the gel matrix would aid the controlled release of therapeutics
(Figure 17b) and regulate the acidic environment of the
inflamed tumor resection site by scavenging H+, thereby
promoting an antitumor immune response to better facilitate
the recovery process (Figure 17c). Although not activated by
the aberrant overexpression of protease in diseased tissues, this
novel strategy in developing protease-activated construction of
therapeutic fibrin gel holds promising potential for practical
applications in sustained and controlled release of therapeutic
agents at open wounds and surgical sites to facilitate the
recovery process.

4. CONCLUSION AND PERSPECTIVES
In view of all of the recent developments in protease-activated
self-assemblies for imaging and therapeutic applications, we
easily find a new trend in the increasing popularity of
developing in situ self-assembled nanostructures, where the
administered nanomaterials change their structures, morphol-
ogies, and functionalities at a biointerface, forming more stable
scaffolds to adapt to the special application environment.
Although conventional strategies employing nanostructures
assembled ex situ have demonstrated increased bioavailability
and targetability due to enhanced permeability and retention
(EPR) and multivalent effects, their preassembled structures
sometimes suffer from intrinsic instability under complicated
physiological conditions in vivo. Exploiting the dynamic nature
of molecular self-assembly, in situ morphology transformation
has shown promising results in the prolonged retention of
imaging and therapeutic agents, finding potential applications
in long-term imaging and sustained therapeutic release.
Furthermore, the manifestation of most diseases originate
from molecular malfunctions too insignificant to be detectable
by existing diagnostic techniques. Molecular-level events such
as the overexpression of a disease-related protease can be
amplified by inducing an aggregation to better facilitate early
detection. The developments presented in this review have
successfully demonstrated in situ assembly of nanostructures
activated by specific biological stimuli as a promising strategy
with untapped potential for further development of imaging
and therapeutic materials with enhanced stability and
sensitivity.
In terms of the enzymatic nature, proteases have experienced

increased research interest as therapeutic targets in recent years
due to their highly specific catalytic activity in only cleaving
substrates that contain unique amino acid sequences
corresponding to the architecture of their active site. Enzymes
such as phosphatase or esterase, whose enzymatic activities
have previously been heavily exploited with the well-known
EISA strategy, often require the additional conjugation of a
more specific targeting moiety to improve their binding affinity
and selectivity in vivo. In contrast, the innate substrate
specificity of a proteolytic active site makes protease a more
promising contender for future developments of in situ
enzyme-activated self-assemblies in vivo.
To date, tremendous efforts have been devoted in the

development of imaging applications for protease-activated
self-assemblies to detect tumor and abnormal enzymatic
activity due to their unique characteristics. Typically, the
upregulated proteolytic activity is first used to “turn on” the
signal, while the induced aggregation amplifies it subsequently.
However, despite the promising abilities of these nanoprobes
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developed over the decade, their practical applications and
clinical translation are still faced with several challenges such as
poor stability, inferior sensitivity, and specificity in vivo
compared to commercially available probes. Several strategies
have been devised to mitigate these issues. Unnatural amino
acids can be incorporated outside the proteolytic recognition
site to improve the metabolic stability of the probes in vivo.
The sensitivity of the response signal can be enhanced by
combining multiple imaging modalities into the same probe,
while the specificity can be improved by further modification
with a targeting moiety to selectively optimize the binding
affinity toward diseased tissues in vivo. There should also be a
standardized procedure to evaluate the toxicity of imaging
probes in vivo so as to improve the efficiency for clinical
translations. These issues need to be urgently addressed in
future studies in order to unleash the full potential of these
imaging probes.
Compared to imaging applications, the therapeutic uses of

protease-activated self-assemblies are not as well-developed.
However, this review has summarized quite a few interesting
works published in recent years. For example, protease-
activated assembled structures can act as drug carriers with
low innate cytotoxicity without the influence of the
encapsulated therapeutic drug. The nontoxic nature of the
nanocarriers was seen to improve the therapeutic effect of the
anticancer drug. Additionally, prodrugs conjugated to enzyme-
activated assembly scaffolds also showed much lower toxicity at
equivalent doses for equivalent therapeutic efficacy compared
to a clinically available drug. However, the complexity of the
physiological environment should not be overlooked as it can
lead to low stability of the therapeutic agent or premature drug
leakage from the carrier, causing complications in further
practical applications. In order to optimize the therapeutic
efficacy, unnatural amino acids can similarly be incorporated
outside the proteolytic recognition site to improve the
metabolic stability of the therapeutic agents and drug carriers
in vivo. Furthermore, there is also a lack of effective
observation techniques and strategies with the ability to
monitor and evaluate real-time morphological changes and
characterize the dynamic nature of peptide assemblies in living
cells and organisms. This is a formidable challenge that needs
to be addressed urgently as well in order to prove that the
developed therapeutic agents can have more practical
applications in the living system. Last but not least, more
detailed pharmacokinetic and pharmacodynamic studies
should be conducted on the assembled scaffolds, particularly
in the extensive evaluation of post-therapeutic degradability
and excretion so as to facilitate potential clinical translations.
In general, most of the developments to date mainly targeted

tumor-associated proteases, thus finding useful applications
toward tumor imaging and therapeutics. However, the rising
interests in protease expressions relating to other biomedical
aspects such as bacterial infections, neurodegenerative
disorders, and wound recovery have emerged very recently.
We have only just scratched the surface and wholeheartedly
believe that the continuous collaborative efforts among
multidisciplinary researchers will unveil more detailed bio-
logical investigations on the many roles played by proteases in
the physiological environment, hence bringing about more
useful practical applications that will benefit us all in the near
future.
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