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ABSTRACT: Self-assembly has emerged as an extensively used method for
constructing biomaterials with sizes ranging from nanometers to micrometers. Peptides

¥ &
have been extensively investigated for self-assembly. They are widely applied owing to Ta ¥
their desirable biocompatibility, biodegradability, and tunable architecture. The % U
development of peptide-based nanoparticles often requires complex synthetic processes D<(< %=

&

involving chemical modification and supramolecular self-assembly. Stimuli-responsive
peptide nanoparticles, also termed “smart” nanoparticles, capable of conformational
and chemical changes in response to stimuli, have emerged as a class of promising
materials. These smart nanoparticles find a diverse range of biomedical applications,

including drug delivery, diagnostics, and biosensors. Stimuli-responsive systems include \:‘:»Jadw
external stimuli (such as light, temperature, ultrasound, and magnetic fields) and 2t g

internal stimuli (such as pH, redox environment, salt concentration, and biomarkers),
facilitating the generation of a library of self-assembled biomaterials for biomedical
imaging and therapy. Thus, in this review, we mainly focus on peptide-based
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nanoparticles built by self-assembly strategy and systematically discuss their mechanisms in response to various stimuli.
Furthermore, we summarize the diverse range of biomedical applications of peptide-based nanomaterials, including diagnosis

and therapy, to demonstrate their potential for medical translation.

KEYWORDS: self-assembled peptide, nanoparticle, stimuli-responsive, peptide nanoparticle, biomaterials, biomedical therapy,
bioimaging diagnosis, peptide-based nanomaterials

rthogonal self-assembly is a ubiquitous and vital
O process for constructing a living cell, starting with the

cytoskeleton and mediating signal pathways." Dysre-
gulated self-assembly processes are the underlying cause for
diseases, such as amyloid protein deposits in neurogenerative
diseases.” Nature-inspired self-assembled materials build
ordered architectures that are ideal for biomedical applications.
Among them, self-assembled peptides (SAPs), “bottom-to-up”
built up by amino acids, have been widely utilized owing to
their structural programmability, good biocompatibility, low
immunogenicity, and versatile functionality.” Peptides could
function as building blocks,* targeting motifs,” therapeutic
reagents,6 and adhesion materials,” thus providing versatile
biomedical apg)lications, such as drug delivery,”® tissue repair,9
and imaging.'

Molecularly stimuli-responsive SAP nanoparticles, termed
“smart” nanoparticles, have recently emerged for precise
biological applications. These SAP nanoparticles use differ-
ences in the pathophysiological microenvironment (internal
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stimuli such as pH, enzymes, and membrane receptors)
between the lesion area and healthy tissue or rely on external
stimuli (light, temperature, ultrasound, and magnetic fields) to
trigger self-assembly.'® Mechanistically, stimuli-responsive
SAPs are capable to cleave labile or responsive bonds or
change peptide properties, such as surface charge, to regulate
self-assembly behaviors, further achieving on demand bio-
medical application, for example, enzyme-instructed self-
assembly (EISA) using an enzyme-specific recognition site to
manipulate the self-assembly process.’ Compared to other
materials, diverse biomedical applications can be precisely
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realized by SAP nanoparticles based on reasonable design of
morphological transformations upon indicated conditions with
good biocompatibility.'”>~"® When functioning as a delivery
carrier, molecularly stimuli-responsive SAPs bind to the cargo
through electrostatic, 7—n stacking, or hydrophobic inter-
actions to prevent drug leakage and degradation and achieve
controlled release by stimuli for drug accumulation at
pathological tissue.'” As bioimaging agents, in situ morpho-
logical transformation or self-assembly enables smart local-
ization and enrichment of imaging agents at the target sites for
improving signal-to-noise ratio.”” Moreover, targeted imaging
combined with therapy allows for longitudinal imaging and ad-
hoc adjustment of therapy thus improving outcomes.”’ As an
anticancer strategy, molecularly stimuli-responsive SAPs could
function as anticancer agents themselves and aggregate around
malignant cells upon stimuli to prevent tumor material change
and metastasis.”” Based on their designable conformation
change and composable function modules, molecularly stimuli-
responsive SAPs have been widely used in biomedicine as
antitumor, antlbacterlal tissue repair, and imaging agents,
among other uses.”

This review demonstrates the self-assembly mechanism of
SAPs and summarizes the smart design of SAPs in response to
external/internal stimuli reported in recent years as well as
their advantages and the challenges they are facing for targeted
imaging and therapy (Scheme 1). This review may provide a
reference for developing SAPs-based medical products and
further promote the clinical transformation of these nano-
systems.

Scheme 1. Schematic Illustration of Molecularly Stimuli-
Responsive Self-Assembled Peptides (Smart SAPs)
including Driving Forces, Regulatory Stimuli, and
Biomedical Applications

MECHANISMS OF SELF-ASSEMBLED BEHAVIOR

Peptide self-assembly is driven by the instability of monomers
in aqueous conditions. Intramolecular folding of monomer
exhibited insufficient hydrophilic surface to form a protective
hydration layer. The polymerization process allows intermo-
lecular assembly to produce higher hierarchical aggregates with
lower free energy, with hydrophobic residues well-assembled in
the core and hydrophilic groups directed toward the solution.
The mechanisms that drive the self-assembly performance of
peptides mainly include f-sheet mediated self-assembly, a-
helix mediated self-assembly, and amphiphilic feature mediated
self-assembly.

p-Sheet Mediated Self-Assembly. -Sheets are the most
common motifs extensively utilized in promoting peptide self-
assembly. S-Sheet folding depends on the hydrogen bonds
between amides in the framework of two adjacent f-strands. In
most cases, residues in the side chains of polypeptides
contribute to the formation and stability of f-sheets through
additional electrostatic interactions or 7—x stacking. Moreover,
the assembly of f-sheets results in more complicated and
hierarchical structures.

Ql1 (Ac-QQKFQFQFEQQ-Am), a well-established f-
sheet-forming peptide (Figure 1A), is designed to maximally
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Figure 1. Schematic illustration of f-sheet mediated self-assembly.
(A) Peptide Q11 with f-sheet structure used as the scaffold to
construct self-assembling, adjuvant-free MUCI1 glycopeptide
vaccines. Adapted with permission from ref 25. Copyright 2012
American Chemical Society. (B) Peptide MAX1 folded to an
amphiphilic #-hairpin and self-assembled into hydrogel nanostruc-
ture stimulated by DMEM cell culture media. Adapted with
permission from ref 29. Copyright 2002 American Chemical
Society. Adapted with permission from ref 30. Copyright 2005
Elsevier Ltd.

utilize the interaction between the side chains of the f-strands.
The amide group of glutamine (Q) forms hydrogen bonds.
The primary amine of lysine (K) and the carboxyl group of
glutamate (E) interact via electrostatic interactions. The benzyl
group between two phenylalanines (F) forms z—z stacking.
Therefore, Q11 tends to be an unbranched antiparallel f-sheet.
The presence of functional groups or bioactive peptides at the
Q11 terminus and the tuning of side residues endow Q11 with
versatile environmental responsiveness and diverse applica-
tions. For example, f-sheet-forming peptides function as
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scaffolds to display immunogenic epitopes in vaccines for
peptide-based immunotherapies.”* Q11 has been conjugated
with MUC1 glycopeptides to construct self-assembling,
ad]uvant free MUC1 glycopeptide vaccines for cancer
therapy.”

In aqueous media, peptides comprising alternating hydro-
philic and hydrophobic residues tend to form p-sheet
structures with a hydrophobic face on one side and hydrophilic
on the other. They form f-sheet bilayers through parallel or
antiparallel alignment and further form fibrils through intra-
and intermolecular hydrogen bonds and/or electrostatic
interactions. In addition to nanofibers, other hierarchical
structural arrays, including ribbons, tapes, and fibrils, can also
be designed.”® The classical example in nature is the self-
assembling peptide (AEAEAKAK),-CONH, found in the yeast
protein Zuotin.”” Moreover, the aggregation of dipeptide
repeats, such as (GR), and (PR),, translated from hexanucleo-
tide repeat expansion C9orf72, was considered a potential
mechanism of amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD).”® MAX1, a 20 amino acid
peptide that can fold and form an amphiphilic f-hairpin, is
designed based on this principle (Figure 1B).”” The MAX1
sequence (NH,-VKVKVKVKVPPPTKVKVKVKV-CONH,)
comprises alternating lysine and valine residues on two f-
strands that flank a type II" B-turn.” Peptide folding is directly
related to self-assembly. Therefore, the conditions that
facilitate hairpin formation will also facilitate hydrogel
formation.*

In addition to Ql1 and MAXI, numerous peptides have
been designed to form ff-sheets. For instance, Phe-Phe (FF) or
certain FF-containing peptides directly form f-sheet aggregates
and spontaneously self-assemble into nanotubes through 7—x
stacking in aqueous solutions, which can be widely applied in
optics, energy storage/conversion, and healthcare.”" S-Sheet-
forming peptides highly occur in neurodegenerative diseases,
such as polyQ-decorated huntingtin in Huntington’s, Af in
Alzheimer’s, and a-synuclein in Parkinson’s disease.*> % The
P-sheet-forming peptide designed for biomedicine application
should be orthogonal to naturally existing S-sheet-forming
peptides or proteins to avoid chronic aggregation of
endogenous peptides or proteins.

a-Helix Mediated Self-Assembly. a-Helices are formed
by hydrogen bonds between the main-chain amides with a 3.6
residue distance. Interaction with other a-helices is possible
through the side chains of the amino acids protruding from the
helix. Coiled-coil (CC) structures are formed through the
assembly of a-helices into higher-order structures called
hydrogelating self-assembling fibers (hSAF).***° Generally,
leucine zippers and coiled-coil proteins have a 7-residue repeat
of hydrophobic (H) and polar (P) residues, (HPPHPPP),,
labeled a-g (Figure 2A), which guides the folding and
subsequent assembly of amphipathic a-helices to form the
so-called CC. Collagen naturally aggregates into hSAF through
the CC structures. Inspired by the collagen protein structure
and function, the Pro-Phe-Phe peptide, derived from collagen,
forms helical-like sheets that mate via hydrophobic aromatic
interfaces. Furthermore, reengineering Pro-Phe-Phe by sub-
stituting proline with hydroxyproline (Hyp), an essential
collagen component, affords a superhelical assembly w1th
mechanical rigidity comparable to that of collagen fibers.*

Two 28-residue self-assembling fiber peptides, SAF-p1 and
SAF-p2, can be mixed to fold and form extended coiled-coil
fibers.”” SAF-pl and SAF-p2 comprise two complementary
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Figure 2. Schematic illustration of a-helix mediated self-assembly.
(A) Coiled-coil structure is formed through the assembly of -
helices. Adapted with permission under a Creative Commons
Attribution 3.0 Unported License from ref 35. Copyright 2018
Royal Society of Chemistry. (B) Diagram of the designed self-
assembling fiber. (a) A sticky-end assembly process and the
sequences of the self-assembling fiber (SAF) peptides. Circled
numbers indicate related peptide numbers, asterisks indicate
asparagine residues, and arrows indicate complementary electro-
static interactions. (b) Helical-wheel formed by SAF peptides. (c)
Diagram of the designed self-assembling fiber. SAF-p1 (colored
yellow-to-red from the N- to the C-terminus) and SAF-p2 (colored
blue-to-cyan from the N- to the C-terminus) form extended coiled-
coil fibers when mixed. Adapted with permission from ref 37.
Copyright 2000 American Chemical Society. (C) The coiled-coil
protein origami (CCPOs) strategy can lead to the successful de
novo design of protein cages in the shape of a tetrahedron, square
pyramid and triangular prism. Adapted with permission under a
Creative Commons Attribution 3.0 Unported License from ref 35.
Copyright 2018 Royal Society of Chemistry.

leucine-zipper peptides co-assembled into sticky-ended hetero-
dimers with complementary overhanging ends, which promote
the formation of long fibers (Figure 2B).

To further stabilize lateral fiber assembly in the SAFs,
Woolfson et al.”® enhanced potentially complementary features
that presented on the surface of the leucine-zipper building
blocks of the SAF-p1/SAF-p2 design. They redesigned SAF-p2
by incorporating two arginine residues at two consecutive ¢
sites. This constructed peptide, SAF-p2a, should combine with
SAF-pl to form protofibrils with matching acidic and basic
patches on their surfaces. This rational redesign led to thicker
and more stable second-generation fibers.

Based on the self-assembly mechanism of hSAF, CC peptide
modules represent an important modular design principle that
drives the design of coiled-coil protein origamis (CCPOs)
(Figure 2C). CCPOs are based on multiple CC modules
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Figure 3. Schematic illustration of amphiphilic feature mediated self-assembly. (A) A single tail lipidated PA including five different
structural elements. Adapted with permission from ref 41. Copyright 2001 The American Association for the Advancement of Science. (B) A
vesicle constructed by a supramolecular PA. Inside the CB[8] cavity, a pyrene modified short hydrophilic peptide and a viologen labeled
lipid were inserted simultaneously and were responsive to a variety of external triggers. Adapted with permission from ref 43. Copyright

2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

concatenated into a single polypeptide chain. When peptide
segments assemble into CC dimers, the resulting polypeptide
chain folds into a polyhedral protein cage. Designing versatile
CCPOs requires the availability of orthogonal building
modules, a peptide collection that assembles into CCs only
with their predetermined partners. Jerala et al.>> summarized
the successful designs of protein nanostructures using
orthogonal CC sets with an emphasis on CCPO structures
and potential applications. The CCPO strategy has led to the
successful de novo design of tetrahedron, square pyramid, or
triangular prism protein cages. For instance, Woolfson et al.*’
engineered two CC modules: a shorter (~20 residues)
homotrimer and a similarly short obligate heterodimer
comprising acidic and basic residues joined consecutively to
render two complementary hubs and form hexagonal networks
that close to form cages when mixed.

Amphiphilic Feature Mediated Self-Assembly. PAs
can be categorized into (1) amphiphilic peptides, composed of
amino acids only; (2) lipidated PAs, with lipid groups attached
to the C-terminal or N-terminal of peptides; and (3)
supramolecular PA conjugates.”” PA aggregation is mainly
driven by hydrophobic and hydrophilic interactions. Simulta-
neously, the peptide segments have the potential to form
diverse secondary structures, which further contribute to the
stability of the fibers.

PAs comprising repetitive dyads of hydrophobic and
hydrophilic residues often adopt f-sheet-like structures, as
summarized in the f-Sheet Mediated Self-Assembly section.
Herein, we primarily introduce lipidated PAs. A single-tail
lipidated PA was reported by Stupp et al,*' which contained
five different structural elements (Figure 3A). The first element
was a hydrophobic palmitoyl group at the N-terminus
connected to the second element, comprising four cysteine
residues, which provided an oxidative polymerization site. The

third element was a flexible linker of three glycine residues,
linked with the fourth element, phosphorylated serine-
containing peptide, which was critical for binding with calcium
ions and promoting mineralization. The fifth element was a
cell-targeting RGD motif. Self-assembly of this PA was used for
effective mineralization. This amphiphile provided a reference
for designing a PA for any desired application. The nanofibers
are represented as cylindrical micelles, with alkyl tails on the
inside and peptide segments on the outside in both $-sheet and
a-helix configurations.

In contrast to traditional amphiphiles, supramolecular
conjugates are constructed by combining two separate
molecules through supramolecular interactions or dynamic
covalent bonds. Supramolecular PA design commonly involves
the host—guest chemistry of diverse macrocyclic hosts,
including cyclodextrins, calixarenes, crown ethers, pillararenes,
and cucurbiturils. Two-component and three-component
supramolecular amphiphilic structures have been designed
and constructed using this method. In 2009, Kros et al. ¥
reported a two-component vesicle formed by lipid-function-
alized f-cyclodextrin and an N-terminal adamantane-function-
alized octapeptide (VE),. The vesicle was transformed into a
fiber-like structure at pH S5, which had the potential for
controlled release. Cucurbit[8]uril (CB[8]) can accommodate
two different guests inside its hydrophobic cavity, rendering it
suitable for designing a three-component amphiphilic
structure. Scherman et al.* constructed a supramolecular
PA, which self-assembled to vesicles, using the ternary
complexation of CB[8] (Figure 3B). Inside the CB[8] cavity,
a pyrene-modified short hydrophilic peptide and a viologen-
labeled lipid were inserted simultaneously, which responded to
various external triggers. The tripartite also achieved
fluorescence “switching on/off”.
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Figure 4. Schematic illustration of pH-responsive SAP nanoparticles. SAP nanoparticles achieve morphological transformation in special
environments like tumor microenvironment (TME) or lysosome through acid-labile chemical bonds or acid sensitive units. (A)
Nanoparticles transformed into nanofibers in TME through acid-labile chemical bonds. Adapted with permission from ref 58. Copyright
2017 American Chemical Society. (B) Carboxyl group of glycine as acid-sensitive unit to realize the transformation process. Adapted with
permission from ref 60. Copyright 2020 The Authors, published by Wiley-VCH GmbH. (C) Morphological transformation occurred in
lysosomes and long-term retention was realized. Adapted with permission from ref 61. Copyright 2021 Wiley-VCH GmbH.

Based on these mechanisms of self-assembled behavior, the
morphological transformation of SAP can be explained. f-
Sheets are known to assemble into fibrous structures. This
trend can be broken by introducing the a-helices, amphiphiles,
or the extra repulsion to disrupt the equilibrium between f-
sheets, resulting in the formation of nanoparticles or micelles.
Once the additional force is removed, a morphological
transition occurs. As for amphiphiles, the separation of
hydrophilic and hydrophobic parts can lead to disassembly.
The solubility of some peptides is susceptible to temperature
changes, leading to conversion between hydrophilicity and
hydrophobicity, causing morphological changes. Basically, the
morphological transformation of SAP is a macroscopic
manifestation of remodeling the balance of inter/intra-
molecular forces.

STIMULI-RESPONSIVE SAP NANOPARTICLES

Internal and external stimuli cause variations in the self-
assembly feature or chemical composition of SAP nano-
particles.** Diseased tissue is distinct from healthy tissue with
differentiated pH and protein expression profiles, therefore
providing internal or endogenous stlmuh, such as pH,
temperature, and enzymes, ° whereas hght magneusm,48
or electricity’” are external stimuli. Under stimuli operation,
smart peptides can self-assemble, disassemble, or change their
morphology dependmg on the chemical bond,* protonation
degree,”’ or solubility.”” The responsiveness of SAP nano-
particles to stimuli lays the foundation for biomedical
applications. The required responsive model is different for

different applications. SAPs that aggregate in situ upon
stimulation are beneficial for the aggregation-induced emission
of disease diagnostic dyes or self-assembly mediated
cytotoxicity for tumor therapy.”” In situ assembly allows to
tailor the materials to meet the functional requirements under
the various physiological conditions, e.g,, during circulation vs
at the target site. In contrast, drug release depends on the
disassembly process of SAP nanocarriers.” ">

pH-Responsive SAP Nanoparticles. The formation of
highly ordered SAP nanoparticles results from the cooperation
among multiple noncovalent forces, including hydrogen bonds,
hydrophobic and hydrophilic interactions, electrostatic inter-
actions, and van der Waals force.’® The disruption of the
balance between the driving forces can change the self-
assembly mode and morphology of SAP nanoparticles. pH
affects the balance by regulating protonation/deprotonation or
cleaving labile chemical bonds. For example, by incorporating
Glu or Orn into the primary structure of QIl1 peptide, the
isotropic fluid-to-nematic transitions can be triggered by
relatively small additions of acids or bases.””

Tumor microenvironment (TME) and lysosomes have an
acidic pH,”**” rendering them suitable for designing acid-labile
SAP nanopartlcles for targeted imaging or therapy (Figure 4A).
Jan et al’ presented an acid-activatable peptide-based
nanosystem for photodynamic therapy (PDT), which
comprised a dipeptide (tryptophan-glycine, WG) and a
porphyrin (photosensitizers) (Figure 4B). Tryptophan pro-
vided delocalized 7 electrons for fluorescence, and the glycine-
containing carboxyl group functioned as an acid-sensitive unit.
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Table 1. Summary of Studies on Enzyme-Instructed Self-Assembly

Enzyme Substrate Tissue specificity
MMP FFALGLAGKK -
ALP NBD-GFF-pY-ss-ERGD“  Tumor cells
ENTK DYKDDDDK Tumor cells
Cathepsin B GFLG Tumor cells
Gelatinase PLGVRG Gelatinase-positive bacteria
Caspase-3/7 DEVD Tumor cells
MMP-2/9 PLGYLG Tumor cells
ALP Nap-"FPFPpyx“ Tumor cells
ALP NBD-ff-s-phosphate Tumor cells
CES NapFF-ester bond-taurine  Tumor cells
ENTK DDDDK Mitochondria of cancer cells
Cathepsin B GFLG Tumor cells
Cathepsin B GFLG Tumor cells
MMP GPLGVRG Tumor cells
SIRTS Succinylated lysine Mitochondrion
ALP KpY Tumor cells
Tyrosinase Y Melanoma

Human kallikrein 2 GKAFRR Tumor cells

“pY indicates phosphorylated tyrosine.

Application Ref
In situ imaging 63
Cancer diagnostics and therapy 64
Cancer therapy 66
Cancer therapy 67
Recurrence tissue engineering/biosensing/bioimaging/gene or drug 68

delivery

Drug delivery/image-guided surgery 69
Image-guided surgery 76
Cancer therapy 73
Cancer therapy 72
Cancer therapy 70
Mitochondria-specific drug delivery 71
Cancer therapy 78
Multidrug resistance 80
Inflammatory disorders/tumors after surgery 81
Live cell imaging/cancer therapy 82
Cancer therapy 83
Cancer therapy 84
Cancer therapy 85

0 o
HN L ome MV

" “oMe
A N-terminus C-terminus Charge B o onc® N g &
; : ~ R % o G ¢
e H 0 M T P | °F G o A A,
1 GPLGLAGEKR; | 4 R,-EGPLGLAGK | Zwitterionic ¢ @*! /© y /Q - L
v ' ; o A OH H N L N L
Pepld®1 2 GPLGLAGKR; | 5 R -GPLGLAGK | cationic e A, Y ““"/\I,rou P P
: : ! N ;o e e
: e o i 07 “NHMe
3 GPLGL....CAc | 6 Ac-EGPLGLAGK anionic R bakione s

g
Cleavage |
product GPLG_O ' H3N-LAGK
carboxylate [e) ! amine
wiitterion;,
ki
~ 0.5 - 2 ym aggregates
Py(m~25) | 3
%
cell
uptake
NP, (n-25) /‘\

Drug unit B-Sheet forming unit

Rate-limiting
process

N

Cathepsin B
—a4
 —

Hydrophilic unit -
CPT-LVFFGFLG-PEG-RGD (CPT-LFPR)

-

. Carboxylic modlﬁcm‘?n

B & B &
1p ‘p OF PR oY PEg 2p ‘p OF °F Y Eg
B &
3p ‘p °F [°F Y oDy

B
Sp ‘p °F (°F °Y °E_ 6p

9 4

& B
4p ‘p °F °F PE Vg

nnn.“
[Ac (°F R Y eEL

SR -
P
\ .

-ALP.

+ALP

Self-assembly
—_—

7
'

Nanoparticles

S

<

- \
“See\d}\

>

- First cycle
Following cycles

»

/ L Fast morphology transformation

v’ Nanofibers
2624

Figure 5. Schematic illustration of enzyme-responsive SAP nanoparticles. (A) MMP-9 enzymatic reaction led to morphological
transformation of SAPs and promoted macrophage uptake. Adapted with permission from ref 74. Copyright 2017 American Chemical
Society. (B) ALP catalyzed self-assembly of precursor molecular analogs into different forms. Adapted with permission from ref 73.
Copyright 2017 American Chemical Society. (C) Cathepsin B catalyzed the peeling off of the PEG shell to promote the formation of fibrils,
which acted as the seeds of fiber aggregation, so as to build a fiber drug library in situ. Adapted with permission from ref 78. Copyright 2019

American Chemical Society.

All-atom molecular dynamic (AAMD) simulations combined
with the equivalence point and pK, value showed that weak
intramolecular hydrogen and high repulsion between the
deprotonated peptide-porphyrin conjugates (PWGs) favored

nanoparticle formation under physiological conditions (pH
7.4). The protonated carboxyl groups of PWG resulted in a
stronger intermolecular hydrogen bond in the acidic tumor
microenvironment (pH 6.5), transforming the nanoparticles
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into nanofibers. This peptide-porphyrin platform achieved an
excellent tumor-imaging effect and a high PDT efficacy.

Long-term tracking is an emerging hot spot of bioimaging.
To create a super stable Igfsosomal probe for long-term live cell
imaging, Zhang et al.°' developed an aromatic-peptide-
conjugated cyclometalated iridium(III) complex called Irpc
(Figure 4C). The phosphorescent cyclometalated iridium (III)
complex possessed aggregation-induced emission (AIE), which
enabled stable fluorescence. Two aromatic-peptide-based
building blocks (naphthalene-Phe-Phe-Lys, NapFFK) were
used to promote self-assembly. Upon acid stimulation, Irpc
transformed from scattered large nanoparticles (at pH 8 or 7)
to smaller particles (pH 6) and formed interlinked networks
(pH S or 4). In contrast to the prevailing pH-responsive SAP
nanoparticles, the transition process was irreversible, endowing
Irpc with much higher stability. Collectively, Irpc achieved
long-term lysosome tracking even after more than 15 cell
generations.

Conventional protonation or deprotonation tuned by the
pH directly affects the SAP aggregation tendency. Chen et al.**
provided an alternative protocol for developing pH-sensitive
SAP nanoparticles in which an acid-responsive shielding layer
was introduced. This shielding layer prevented nanoparticles
from aggregating into nanofibers by covering the doxorubicin
(Dox)-peptide conjugate nanoparticles (DPC-NPs) through
electrostatic interactions to avoid z—n stacking interactions
and hydrogen bonding between the DPC-NPs. Therefore, the
DPC-NPs were spherical and stable during blood circulation.
After arriving at TME, DPC-NPs removed the shielding layer
triggered by the slightly acidic condition, thus self-assembling
itself into nanofibers and accumulating in the tumor tissue.
The TME-responsive transformation of morphology enhanced
the drug retention efficacy and exhibited a more specific tumor
therapeutic outcome.

Enzyme-Responsive SAP Nanoparticles. Enzymes serve
as endogenous stimuli, working directly on the chemical bonds
between peptides or bridging molecules between compounds
and peptides. Enzymes of relevance include matrix metal-
loproteinases (MMPs),*® alkaline phosphatases (ALPs),**
carboxylesterases (CESs),”® enterokinases (ENTKs),* cathe-
psin B, gelatinases,s8 and caspases.é9 The selection of
disease-specific enzymes endows enzyme-responsive SAP
with diagnostic or therapeutic abilities (Table 1). Enzyme-
triggered self-assembly can serve as a signal amplification
method to improve the signal-to-noise ratio or cytotoxic fiber-
forming strategies for tumor-specific killing. It is worth noting
that Xu et al. conducted pioneering studies in EISA.>" They
developed EISA nanogarticles using enzymes like CES,*>”"
ENTK®*”" and ALP.”*”* Some of their excellent works are
listed in detail below.

MMPs are extensively involved in perpetual extracellular
matrix remodeling within diseased tissues and are identified as
key molecular targets of myocardial infarction, hind limb
ischemia, and cancer of all types.”* MMPs are hydrolases
acting directly on peptide bonds; the sequence for MMP
peptide substrate is PX;GLX,G, where X, or X, represents a
single amino acid with no significant preferences. MMPs
specifically cleave amino bonds between G and L (Figure
SA).”® Xu et al.”® synthesized an in situ self-assembled near-
infrared (NIR) peptide probe (TER-SA) with a tumor-specific
excretion-retarded (TER) effect. TER-SA was cleaved by
MMP-2/9 and then transformed into nanofibers with an
antiparallel f-sheet conformation from a stable monomeric

state. The fiber-like structure allowed TER-SA to be retained
for a long time in tumors, termed the TER effect. The peptide
probe based on the TER strategy enabled high-performance
imaging of human renal cell carcinoma and achieved complete
tumor removal, ultimately reducing postoperative recurrence.
MMP target sequencing can be integrated into nanoparticles as
well as viral vectors to achieve tissue-specific gene delivery.”’

ALPs act as biomarkers in cancers such as osteosarcoma and
cervical cancer.”” ALPs conduct the cleaving of phosphate
groups from phosphopeptides, thereby increasing hydro-
phobicity. Typically, phosphorylated Phe- and Tyr-containing
tetrapeptide with an N-terminus modified with an aromatic
group function as an ALP substrate (Figure 5B). Xu et al.””
developed a platform based on ALP-catalyzed assemblies that
instantly targeted the Golgi apparatus (GA) and selectively
killed cancer cells. An oxygen atom in the phosphodiester bond
in a phosphopeptide (pO1) was replaced with a sulfur atom to
generate a thiophosphopeptide (pS1). pS1 instantly accumu-
lated in GA owing to the rapid ALP-catalyzed dephosphor-
ylation and disulfide bond formation by itself and with Golgi
proteins. pS1 transformed from micelles to nanofibers during
dephosphorylation. In contrast, pO1 took a long time for
dephosphorylation and cellular uptake and largely remained in
the endosomes. The pS1 selectively inhibited HeLa cells (ICs,
= 2.8 uM) and targeted Golgi for specific imaging.

CESs specifically cleave carboxylate bonds conjugated to
peptides via chemical synthesis. Xu et al.”’ developed a pair of
enantiomeric dipeptides conjugated with taurine via carbox-
ylate bonds to examine the relationship between CES activities
and the cancer inhibition efficacy of conjugates. After
hydrolysis by CES, the corresponding products, dipeptides,
self-assembled into nanofibers. The nanofibers selectively
inhibited cancer cells exhibiting relatively high CES activity,
and the inhibition efficacy was correlated with CES activities.
Although CES was present in normal cells, the dipeptides were
largely innocuous in normal cells because of the lower rate of
EISA compared to tumor cells.

ENTK, an enteropeptidase, specifically cleaves peptides with
a DDDDK sequence. Xu et al.”' reported enzymatic self-
assembled branched peptides for targeting mitochondria and
delivering cargo to mitochondria. The branched peptides
transformed from micelles to nanofibers upon cleavage by
intracellular ENTK. The in situ nanofiber formation resulted in
their localization in the mitochondria. In addition, the
branched peptides boosted the cytotoxicity of Dox against
Dox-resistant cancer cell lines because of the enhanced uptake
of Dox and its interference with mitochondrial DNA.

Cathepsin B is overexpressed and secreted from the cells of
malignant tumors and premalignant lesions while functioning
as a lysosomal protease in normal cells and tissues.”” The
specific cleaving substrate of cathepsin B is a tetrapeptide
comprising GFLG (Figure 5C).”® Therefore, Zhang et al.*’
designed a transformable peptide (CTGP) that self-assembled
on cell membranes for encapsulating cells and overcoming
tumor multidrug resistance (MDR). After cleavage by
cathepsin B, CTGP encapsulated with Dox (CTGP@DOX)
transformed from nanomicelles to nanofibers. However, the
release efficiency of Dox was <6% in 24 h upon cleavage,
mainly because of the re-encapsulation of Dox by the formed
nanofibers. This slow release of Dox contributed to 45-fold
higher drug retention than that of free Dox. The CTGP@DOX
nanofiber could anchor to the cell membrane via its 16-carbon
alkyl chain to achieve cell encapsulation and restrict Dox efflux.
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CTGP@DOX demonstrated 49-fold greater cytotoxicity to
drug-resistant MCF-7R cells than free Dox.

Reactive Oxygen Species-Responsive SAP Nano-
particles. Overproduction of reactive oxygen species (ROS)
is implicated in various chronic and degenerative diseases,
including cancer®® and also in neurodegenerative diseases.®” In
cancer cells, ROS is particularly overproduced in mitochondria.
Wang et al.** made use of this feature and developed organelle-
located morphology transformation polymer—peptide con-
jugates (PPCs) that could be triggered by endogenous ROS
around the mitochondria to enhance multivalent cooperative
interactions. PPCs included a poly(vinyl alcohol) backbone
decorated with mitochondria-targeting cytotoxic peptide
(KLAK) and f-sheet-forming peptide KLVFF tethered with
hydrophilic PEG via a ROS-cleavable thioketal. Thioketal
cleavage under overproduced ROS broke the hydrophilic/
hydrophobic balance and induced PPC transformation from
nanoparticles to nanofibers. As a result, the nanofibers with
exposure of KLAK exhibited enhanced multivalent cooperative
interactions with mitochondria, causing selective cytotoxicity
against cancer cells and powerful tumor suppression efficacy in
vivo (Figure 6A). Dong et al.”” combined the GSH-responsive
supramolecular assemblies with multivalent ligand presentation
to enhance cancer cell targeting specificity and sensitivity. The
main component was the targeting ligand-conjugated self-
assembling monomer precursor (SAM-P), which existed as a
monomer to provide strong electrostatic repulsion between
cationic domains. The cleavage of the cationic domain
mediated by GSH initiated self-assembly to form multivalent
ligands for enhanced tumor recognition. This strategy could be
potentially used in cell-specific molecular imaging and as a
therapeutic agent with high sensitivity and specificity.

Temperature-Responsive SAP Nanoparticles. The
hyperthermal environment in inflamed pathological sites or

external temperature operation is widely applied as a stimulus
for manipulating the thermos-responsiveness of SAP nano-
particles. Like traditional thermoresponsive polymers, several
peptides possess typical phase separation at temperature lower
than the upper critical solution temperature (UCST) or higher
than the lower critical solution temperature (LCST). The
thermoresponsive SAP nanoparticles with LCST behavior will
accumulate and achieve a sustained drug release at the target
sites at a relatively high temperature;93 however, those with
UCST behavior produce a rapid release under the same
conditions.”* Moreover, the di- or multiblock copolymers
combining LCST with UCST peptides exhibit a versatile
thermoresponsive model. Copolymers whose UCST is lower
than LCST undergo insoluble—soluble—insoluble transitions
with increasing temperature. In contrast, polymers whose
UCST is higher than LCST undergo soluble—insoluble—
soluble transitions.” The most classical thermoresponsive
peptides are elastin-based polypeptides (EBPs) that are
composed of the repeated pentapeptide sequence I/V-P-G/
A-X-G, where X is any amino acid apart from proline.”® ELPs
show LCST behavior and are widely used in tissue engineering,
drug delivery, and protein expression and purification. Lim et
al.”” conjugated ELPs with resilin-based polypeptides (RBPs)
with UCST behavior. Hydrophobic EBPs were selected to
ensure that the LCST was lower than UCST of the EBP-RBP
diblocks. When temperature was below UCST and LCST, the
diblocks self-assembled into vesicles or micelles, which were
determined by the number of pentapeptide repeats in the
EBPs. However, they showed an inversed micellar structure
above the LCST and UCST while being aggregated between
LCST and UCST (Figure 6B).

Light-Responsive SAP Nanoparticles. Light, an easily
operated external stimulus, can be manipulated with
spatiotemporal accuracy; through interventional radiology,
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various organs and tissues are accessible. However, with the
exception of fluorescent proteins, to date there are no
identified peptides that afford photoresponsive abilities. The
photolabile capacity of SAP nanoparticles usually depends on
the conjugation of additional photoabsorbing compounds,
such as photosensitizers or photothermal inducers. The
photoresponsiveness of SAP nanoparticles essentially depends
on ROS production or hyperthermal conditions. For example,
Yu et al.”' reported the cascade therapy in which ROS was
generated by a photodynamic process and subsequently
activated a redox-responsive process. The transformable
nanofiber was co-assembled using a methionine-containing
hexapeptide (EIMIME) and its two derivatives functionalized
with photosensitizers (chlorin e6, Ce6) or chemo drugs
(camptothecin, CPT). Photoinduced in situ ROS generation
by Ce6 led to methionine oxidation. The conversion from
hydrophobic thioether to hydrophilic sulfoxide promoted the
conformational transition from f-sheets to random coils and
the morphological transition from nanofibers to nanoparticles.
This transition improved the cellular internalization and tumor
penetration of the scaffolds. The CPT moiety, which was
covalently connected to the peptide via a GSH-responsive
disulfide linkage, was released in the presence of GSH in
cancer cells. The cascade therapy also achieved efficient tumor
inhibition in vivo (Figure 6C). In addition to exerting PDT
alone, SAP nanoparticles are generally tailored to other stimuli-
responsive processes. Yu et al.”' designed a chimeric peptide,
CMP-PpIX, by combining a photosensitizer-peptide conjugate
and a caspase-3-sensitive sequence to achieve enhanced PDT
and in situ therapeutic feedback. The conjugate C,¢-K(PpIX)-
GRRRR-AEEA-K(FAM)SDEVDSK (Dabcyl)PEGPEG, com-
prised protoporphyrin (PpIX) as the photosensitizer, palmitic
acid as the membrane insert motif, R, as a cell-adherent
peptide, DEVD as a caspase-3/7 responsive peptide, Dabcyl
and FAM as a Forster resonance energy transfer (FRET)
fluorophore pair, and PEG4-PEGg as a hydrophilic shell. ROS
produced by CMP-PpIX under irradiation directly damaged
the cell membrane and rapidly induced apoptosis after being
attached to the cell membrane using R, peptide and lipophilic
palmitic acid. The apoptosis-induced activation of caspase-3
cleaved CMP-PpIX to separate FAM and Dabcyl. Before
cleavage by caspase-3, FAM fluorescence was quenched by
Dabcyl. Therefore, increased fluorescence intensity indicated
the production of activated caspase-3 to feedback real-time
PDT therapeutic efficacy. Recently, Zou et al.”’ developed a
light-triggered platform. This platform comprised a targeting
peptide (RGD), a supplied H-bonding peptide (KLVFF), and
light-responsive unit (3-methylene-2-(quinolin-8-yl) isoindo-
lin-1-one (MQIO) derivatives. The transformation from
nanoparticles to nanofibers through H-bonding interactions
of KLVFF peptide was caused by the molecule sliding occurred
after conformation changes of MQIO unit.

Other Stimuli-Responsive SAP Nanoparticles. Other
stimuli, such as metal ions,”®” solvents,"*”'*! small com-
pounds,'*”'** and ligand—receptor interactions,””'** provide
excellent functional transformation of SAP nanoparticles.
Metal elements (e.g, calcium, zinc, iron, and copper), which
are indispensable components of life, exist widely in vivo. Tao
et al.'” constructed a three-stage self-assembled nanoband-aid
(NBA) that responded to calcium ions and blood coagulation
factors. NBA comprised two functionalized peptides: Ca®*
binding peptide (CBP) and cross-linking peptide (CRP).
CBP comprised (RADA), linked to a Ca®*-binding sequence

(GSVLGYIQIR). CRP was composed of (RADA), fused with
a cross-linking motif (GGQQLK). CBP and CRP co-
assembled into nanofibers and formed a mesh-like network
after coordination with calcium ions under aqueous conditions.
When catalyzed by the blood coagulation factor, NBA further
underwent the third stage, self-assembling into a densely
compacted physical barrier to stop and control bleeding. As a
result, NBA rapidly and efficiently stopped bleeding from rat
liver scratches.

Some metal ions are rich in specific tissues; zinc ions are
abundant in prostate tissue, which is apProximately 10-fold
higher than that in other soft tissues.  Zhong et al'*’
developed a series of self-assembled forky peptides (E,F,)
utilizing this feature. The three adjacent glutamic residues,
forming a forky fragment, could chelate zinc ions and promote
the formation of supramolecular hydrogels. Since other
cationic ions failed to trigger hydrogel formation at
physiological concentrations, the forky peptides were injectable
and achieved a prostate tissue-specific self-assembly in situ. The
E;F; hydrogels exhibited optimal gelation time, satisfactory
mechanical strength, and excellent thixotropic properties
among all groups.

Ligand—receptor interactions exist widely in biological
systems. Some diseases overexpress certain receptors, such as
folate receptors overexpressed in ovarian cancer cells. Highly
specific SAPs can be developed using ligand—receptor
interactions. Wang et al.”> developed a bispecific assembling
peptide (antiCD3-G7-RGD). Upon binding to the cell
membrane receptor, peptide conformation was stabilized
along with decreased self-assembly activation energy, promot-
ing CD3 oligomerization and T cell activation, leading to T
cell-mediated cancer cell cytolysis (Figure 6D). Lam et al.'"*
developed transformable peptide nanoparticles by integrating
the HER2-binding domain (YCDGFYACYMDV), which
could interact with the HER2 receptor overexpressed in breast
cancers. Upon interaction with HER2 displayed on the tumor
cell surface, the nanoparticles could transform into a fibrillar
structural network in situ, suppressing HER2 dimerization and
killing tumor cells. This receptor-mediated transformable
peptide nanoplatform has great clinical potential.

SMART SAPS FOR THERAPY

The bottom-up synthesis of SAP nanoparticles provides an
interesting and attractive approach for developing other
nanobiomaterials.'”” SAPs, especially molecularly stimuli-
responsive SAPs, with properties such as biocompatibility,
biodegradability, flexible responsiveness, and specific biological
function, are extensively developed for biomedicine and tissue
repair. There are about 80 peptide drugs on the global market,
especially for treatment of cancer (18%), metabolic disorders
(17%), and other medical conditions.'” There are more than
150 peptides that are in the clinical development stage, and
another 400—600 peptides that are in the preclinical research
stage.'”® More than 2000 clinical trials were carried out based
on therapeutic peptides.'” Peptide drugs are gradually
attracting the attention of pharmaceutical companies. How-
ever, development of these peptide drugs is also troubled by
some problems like in vivo stability, targeting ability, and so on.
Developing stimuli-responsive SAPs is one of the most
powerful ways to solve the current problems.

Smart SAPs for Anticancer Therapy. Cancer is
characterized by the unrestricted proliferation of transformed
cells. Tumor cells compete for nutrients and oxygen in the
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blood. Hypoxia, lower pH values, the overexpression of some
enzymes, and the increased secretion of specific cytokines can
be observed in TME. These factors trigger endothelial cell
proliferation, lead to angiogenesis, and allow tumor cells to
enter the circulatory system, causing tumor metastasis. Within
the TME, tumor-induced immunosuppression allows aggres-
sive tumors to evade the immune system.'’”''" This
pathophysiology however also presents an opportunity to
design smart SAPs that can respond and adapt to the
microenvironment-specific stimuli to perform desired func-
tions. SAPs can serve as targeted delivery vehicles for a
multitude of medically relevant cargo, such as chemotherapy
(cyclophosphamide, methotrexate, doxorubicin, etoposide, and
paclitaxel), nucleic acids (siRNA, miRNA, mRNA, and DNA),
and photosensitizers (PDT and PTT: protoporphyrin,
Ce6).""" Some peptides included in SAPs also serve as the
therapeutic agents. For example, SAPs have been designed to
assemble as nanofibers twined around the cells/organelle to
prevent tumor metastasis or cause cell death.*® For tumor-
induced immunosuppression, SAPs have also been developed

to target tumor cells or antigen-presenting cells (APCs) to
activate local or systemic immune responses.”z’113

SAPs utilize a bottom-up strategy to create exquisite
nanosized delivery systems''® that enable them to carry
cargo with high loading and low leakage. The stimuli-
responsive properties of SAPs enable tumor-targeted and
programmable cargo release.''> SAPs help deliver chemo-
therapeutic drugs, such as doxorubicin,''® sorafenib,"”
colchicine,®’ and paclitaxel,"'® thereby improving solubility,
reducing systemic toxicity, prolonging the retention time at
tumor sites, and increasing antitumor activity (Figure 7A). Wu
et al.''"” developed a multifunctional peptide (PS1) for
programmed pirarubicin delivery. PS1 was responsive to an
acidic environment, a reducing agent, and MMP-2 via
disrupting the interaction between peptides and pirarubicin,
a disulfide linkage, and the peptide PVGLIG. In vitro and in
vivo results showed more effective tumor targeting, antitumor
effects, and reduced systemic toxicity of PS1 NPs. Gene
therapy is a promising method to treat tumors. Delivering
negatively charged DNA/RNA to tumor cells through SAPs
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Table 2. Representative Therapeutic Peptides Employed for Cancer Treatment

Name Sequence Function site
KLA (KLAKLAK), Mitochondrion
Melittin ~ GIGAVLKVLTTGLPALISWIKRKRQQ- Cell membrane

NH,
Cl16Y DFKLFAVYIKYR Cell membrane
G0-203  R9-cqerrkn Intracellular

Antitumor mechanism Ref
Induce mitochondrial dysfunction 125, 126, 128
Increase the permeability of cell membrane and release the contents 127, 129
Target integrin a,f; and asf; to inhibit angiogenesis and tumor 130
growth
Bloclll< intracellular MUCI function, compromise the redox balance in 131
cells

requires positively charged amino acids. SAPs protect nucleic
acids against digestion by plasma and serum nucleases.
Nanocarriers with a positive surface charge can be easily
cleared from the circulation through the reticular endothelial
system (RES); therefore, a shielding layer, such as hyaluronic
acid (HA),"” and other methods have been employed to
convert surface charge. Li et al.'”' designed an amphipathic
peptide chimera to targeted delivery and release of siRNA,
silencing the expression of tumor-associated tissue factors. The
highly cationic repeating arginine-arginine-serine (RRS) seg-
ment of this amphipathic peptide was included to absorb RNA
molecules electrostatically. The surface charge significantly
decreased from 13.3 mV to —9.9 mV after incorporating the
siRNA and favored an increased circulation half-life. The
polyhistidine moiety, which was responsive to the acidic TME,
induced surface charge reversion to facilitate cell uptake.
siRNA decreased the invasive potential and platelet adhesion
of cancer cells, preventing its distant metastasis and reversing
the tumor-induced hypercoagulable state. Co-delivery of
chemotherapeutic drugs and nucleic acids by SAPs helps
treat tumors from multiple perspectives and exhibits synergistic
effects. Wang et al."** developed a self-assembled nanoprodrug
platform with synergistic effects of cisplatin and RNAI to fight
cisplatin-resistant lung cancer. This platform fastened Pt(IV)
via amide bonds and allowed the rapid release of active
platinum ions (Pt(II)) in the presence of GSH. Beclinl siRNA
was delivered into the cytoplasm through this cationic carrier
and inhibited autophagy. This platform was developed to fight
against cisplatin-resistant lung cancer and possessed favorable
antitumor effects. Photosensitizer is key to the PDT and PTT.
The retention time of photosensitizer will be extended when
smart SAPs enter the TME and are converted from
nanoparticles to nanofibers. This long-term retention leads to
massive accumulation at tumor sites, exhibiting an excellent
antitumor efficacy.”® He et al.'*® synthesized a chimeric
peptide called TREC to deliver Ce6. Upon light irradiation, the
ROS produced by Ce6 induced oligoarginine oxidation to
generate NO, driving the in situ nanosphere-to-nanorod
transformations. The reaction between NO and ROS yielded
peroxynitrite anions (ONOO™), which increased cytotoxicity,
thereby amplifying the therapeutic outcome of PDT. Stimuli-
responsive SAPs are conspicuous delivery systems that exert
antitumor effects through chemotherapy, gene therapy, PDT,
and PTT.

In addition to exerting the antitumor effect of SAPs via the
delivered cargo, some peptides exert therapeutic effects. Some
therapeutic peptides were discovered in nature, whereas others
were screened in laboratories using peptide library.'”*
Representative therapeutic peptides employed for cancer
treatment are listed in Table 2. The proapoptotic peptide
[KLAKLAK], (KLA), a common therapeutic peptide,
selectively targets and destroys mitochondrial membranes
and induces mitochondrial dysfunction. Recently, some SAPs

integrated KLA to treat tumors by simultaneously playing the
role of building blocks, therapeutic peptides, and cell-
penetrating peptides.'”>'*® Melittin, a cationic host defense
peptide, can induce tumor apoptosis by disrupting cell
membranes, followed by releasing intracellular contents, such
as whole-tumor antigens and damage-associated molecular
patterns, exhibiting a certain immune regulation effect.''”
However, the strong hemolytic activity and nonselective
cytotoxicity of melittin limit its use. Wu et al."” constructed
dually responsive nanotransformers with nanosphere-nano-
fiber-nanosphere transitions caused by the acidic TME as well
as NIR laser irradiation. The net-like nanofibers contributed to
long-term retention in tumor tissue and inhibition of tumor
cell metastasis to distant organs. With the help of external NIR
laser irradiation, PTT was activated, followed by the
transformation between nanofibers and nanospheres, which
ensured the deep penetration of MEL peptide for effective
tumor eradication.

Another strategy of therapeutic SAPs is to make use of
dynamic self-assembly from monomers into nanofibers at the
target site to induce desired effects on the cells or organelles.
To achieve these properties, it is essential to incorporate motifs
that stimulate nanofiber formation, such as #-sheet motifs, into
SAPs. Typical short peptides with this ability include EAK16,
RADA16, KLD-12,"** KLVFF,'** and KGFRWR."** SAPs
transform into nanofibers around organelles through rational
desi%n, destroy organelles, and induce cancer cell death. Lam et
al.'>* reported the peptide (CPTNP) containing all p-amino
acids (kffvlk) transformed into nanofibers in lysosome due to
the shift in 7—7 interaction between phenylalanine side chains,
and therefore inducing lysosomal membrane permeabilization.
Based on these properties, CPTNPs could treat tumors and
sensitize tumor cells to cisplatin activity. The process of
transforming SAPs into nanofibers can also take place
extracellularly, thus preventing tumor angiogenesis and meta-
stasis."*° Nanofiber transformation combined with chemo-
therapy shows sustained release properties, inhibits tumor
growth in situ, and effectively prevents metastasis."** Trans-
formable chimeric peptides for cell encapsulation can also
overcome multidrug resistance (MDR). Zhang et al.* reported
that chimeric peptide (CTGP) transformed into nanofibers
using cathepsin B restricted the loaded DOX efflux. This
behavior counteracted P-glycoprotein-mediated drug efflux and
overcame MDR (Figure 7B). In addition, SAPs can also
respond to ligand—receptor interactions to form nanofibers,
which block signaling pathways and exhibit excellent antitumor
effects.”” The transformed nanofibers can also be used to
efficiently interrupt the PD-1/PD-L1 interaction in immune
checkpoint therapy, breaking the limitation of poor blocking
efficiency."?’

Smart SAPs for Antibacterial Therapy. Bacterial
infections, especially those caused by drug-resistant bacteria,
have attracted the attention of researchers. SAPs can achieve
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deep penetration, controlled release, and specific targeting of
antibiotics when used as delivery systems, thereby reducing the
administered dose, improving drug efficacy, and weakening
drug resistance. Chmielewski et al."*® reported a cleavable
conjugate with efficient mammalian cell penetration and
intracellular pathogenic bacteria clearance ability. This
conjugate was composed of kanamycin and a nonmembrane
lytic antimicrobial peptide (P14LRR), which could form a
cationic amphiphilic polyproline helix. Moreover, peptides,
such as cationic host defense peptides (CHDP), also known as
antimicrobial peptides (AMPs), have bactericidal effects by
directly killing bacteria or affecting the dormitory against
infection."*”'*” SAPs have great potential for combating drug-
resistant bacterial infections.'*' Cationic AMPs interact with
negatively charged bacterial membranes, increasing membrane
permeability, disrupting cell membranes, and releasing cell
contents. Other antibacterial mechanisms include inducing
DNA damage, inhibiting protein synthesis and enzyme activity,
and blocking cytoderm synthesis.'**

The development of molecularly stimuli-responsive SAPs
that effectively target and kill bacteria without damaging
mammalian cells is challenging. The bacterial infection site is
usually locally acidic due to bacterial metabolism and host
immune response.143 Taking advantage of this feature, Chan-
Park et al."** synthesized cationic and anionic peptidosacchar-
ide copolymers that responded to low pH and self-assembled
into nanomicelles to expose the antibacterial cationic peptide.
Chitosan was used to achieve the targeting function of this
nanomicelle. Antibiotics can also function as targeting agents.
Vancomycin specifically binds to the p-Ala-p-Ala sequence in
Gram-positive bacterial walls. As a result, various bacteria-
specific diagnostic and therapeutic SAPs have been devel-
oped.'**” Wang et al.'*® designed a chitosan-peptide
conjugate (CPC), which contained a chitosan backbone, an
enzyme-cleavable peptide with a PEG terminal, and an
antibacterial peptide (KLAK) (Figure 8A). Under the function
of gelatinase, CPC transformed from nanoparticles into
nanofibers. The exposed a-helical structure of KLAK led to
multivalent cooperative electrostatic interactions with bacteria
and disruption of the cell membranes. This morphological
transformation resulted in increased binding efficacy, effective
accumulation, prolonged retention at the infection site, and
enhanced antibacterial activity. Ligand—receptor interactions
are an ideal option for targeted delivery. Wang et al.'*’
designed a human defensin-6 (HD6) mimic peptide (HDMP),
which self-assembled into entangled fibrous networks, trapped

microbial pathogens, and blocked invasion. The ligand peptide
sequence RLYLRIGRR imparted superior recognition func-
tionality of HDMP compared to HD6 by binding to
lipoteichoic acid (LTA), a component of Gram-positive
bacteria. This transformation, triggered by ligand—receptor
interactions, precisely mimicked the antibacterial process of
HD6 and safely and effectively inhibited Gram-positive
bacterial infection in vivo. Combination therapies using SAPs
were also developed. Biomimetic SAPs loaded with anti-
bacterial Ce®" rapidly co-assembled into a hydrogel network
structure in situ driven by Ca®*. This hydrogel reduced
inflammatory responses by blocking bacterial infection and
promoted wound healing and thus facilitating hemostatic and
antibacterial properties.' "

Smart SAPs for Tissue Repair. Tissue repair mainly
involves hemostasis, infection and inflammation, angiogenesis,
and re-epithelialization."*” Several factors can be used as
stimuli for molecularly stimuli-responsive SAPs, such as
transglutaminase factor XIIla during blood clotting, the higher
temperature at the inflammation site, and MMPs involved in
ischemic injury and tissue repair. For tissue repair, SAPs must
be designed to self-assemble into hydrogels that can deliver
payloads, mimic the extracellular matrix (ECM), and promote
tissue repair. SAPs serve as delivery vectors for loading
antimicrobials, vascular endothelial growth factor (VEGF), and
neural bioactive ligands to maintain a healthy tissue-specific
microenvironment and provide essential cytokines required for
tissue repair.151

Hydrogels mimicking the ECM are promising materials for
tissue repair. They provide a good environment for cell growth,
allow multiple cell—cell and cell-matrix interactions, and
promote cell proliferation, differentiation, migration and
reprogramming.>> The common polypeptide sequences used
to construct hydrogels for tissue repair include RGD, IKVAYV,
YIGSR, and RADA16.">* IKVAV and YIGSR belong to the
laminin-derived peptide motif family, which have major roles
in cell attachment, migration, and adhesion.”* The most
significant peptide used to mimic the ECM is RGD, which is
originally derived from fibronectin. RGD is the key regulator of
cell—cell and cell-ECM communication. It boosts cell
adhesion, migration, and differentiation and is strongly linked
to tissue regeneration and embryonic development.'>
RADAI16 hydrogels support the proliferation and differ-
entiation of different types of cells.'*®

The SAP hydrogels designed for tissue repair can be used in
many aspects, such as bone, cartilage, and nerve regeneration.
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The response characteristics enable SAPs to be more
accurately located at the site of tissue damage. Rodziewicz-
Motowidlo et al.">” linked peptide fibrils (QAGIVV) with
active peptides that promote wound regeneration through
neutrophil elastase sensitive sequences (AAPV) to form a
peptide hybrid. This hybrid released active substances while
constructing three-dimensional fiber scaffolds. The scaffolds
promoted tissue repair and wound healing. QAGIVV can be
replaced with other peptide fibrils, such as IKVAV. Visceral
bleeding and penetrating wounds remain major challenges in
emergency trauma treatment. Peptide nanofibers responsive to
Ca’" and blood coagulation factor XIIIa showed great potential
in reducing inflammation and promoting wound healing after
undergoing morphological transformation.'”> Combined with
antimicrobials, hydrogels can prevent bacterial infections while
promoting wound healing.148 Unlike gel network formation,
Liu et al.'"* developed a hydrogel delivery system for
delivering mesenchymal stem cell-derived extracellular vesicles
(MSC-EVs), which showed great potential for tissue repair.
The MMP-2 sensitive SAP hydrogel extended the half-life of

MSC-EVs and exhibited controlled release properties at the
desired sites. Compared to peptides or EVs alone, peptide-EVs
showed better efficacy in promoting endothelial cell prolifer-
ation and angiogenesis. This study highlighted that EV-
released peptide hydrogel was a promising cell-free therapy
for tissue repair (Figure 8B).

Smart SAPs for Other Therapeutic Applications. SAPs
have been widely used to treat many diseases owing to their
excellent characteristics. Intrarenal SAP administration im-
proves tissue repair after renal ischemia-reperfusion injury.'>®
Intrahepatic SAP administration helps recover from hyper-
ammonemia and damage in acute liver injury."”” Intra-
pulmonary SAP administration enables in vitro and in vivo
genome restoration of cystic fibrosis.'®® Molecularly stimuli-
responsive SAPs realize morphological transformation at the
lesion sites; hence, they are characterized by high safety, good
targeting, and controlled release of payloads.

MMPs are overexpressed in ECM and are associated with
many diseases, such as cancer and myocardial infarction (MI).
Christman et al.'®’ designed MMP-responsive peptide—
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polymer amphiphiles for MI, which underwent a morpho-
logical transition from discrete micellar nanoparticles into
network-like scaffolds. Such amphiphiles realized targeted
accumulation and prolonged retention in the heart tissue
after MI and had potential to slow down or inhibit the
progression of negative left ventricular remodeling. Smart SAPs
improve the safety of organ-specific administration.

Tear fluid comprises functional components, such as soluble
antibodies, mucous proteins, enzymes, and ions, and resembles
serum in many aspects. Researchers have found that ALP
expression in the tear fluid of patients with uveitis was much
higher than those without uveitis. ALP-instructed self-assembly
of SAPs in tear fluids offers a powerful strategy for the targeted

and long-term accumulation of a therapeutic agent at the lesion
. 162,163
site.”

SMART SAPS FOR TARGETED IMAGING

Medical imaging technology plays an important role in the
diagnosis and treatment of diseases. Imaging also plays a role in
longitudinal follow up and stratifying whether patients respond
to a therapy or not. Tumor treatment accuracy can be
improved, diagnosis and treatment integration can be realized,
and positive outcomes can be obtained through real-time
monitoring of the tumor treatment process. The application of
smart SAPs in imaging can enhance the sensitivity and
accuracy of diagnosis through the following mechanism: (1)
SAPs respond to tissue- or cell-specific biomarkers, thus
enhancing the selectivity; (2) SAPs aggregate in the target site
to exhibit different pharmacokinetics with free imaging agents,
thus improving the signal-to-noise ratio; (3) SAPs can
cooperate with aggregation-induced emission (AIE) dyes to
further improve their sensitivity. Currently, smart SAPs are
used in diverse diagnostic models, such as magnetic resonance
imaging (MRI), optical imaging (OI), photoacoustic imaging
(PAI), and multimodality imaging. Each imaging technology
has its exclusive characteristics, which is described below.

Smart SAPs for Optical Imaging. Optical imaging
includes two imaging modes: bioluminescence imaging and
fluorescence imaging. As a noninvasive imaging technique,
optical imaging can visually monitor the behavior of cells or
genes in living organisms, in particular in preclinical develop-
ment. It has the advantages of easy operation, intuitive results,
high sensitivity, and a wide range of labeled objects. However,
fluorescent agents do not usually exhibit selectivity for targets.
The fusion of fluorescent agents with target motifs solves this
problem. Smart imaging SAPs can improve the pharmacody-
namic of the imaging agents and enable tissue-specific targeting
and prevent washout effect and renal metabolism.'” Smart
SAPs form nanoparticles in target sites, triggered by the
indicated biomarkers, which enhance the si§nal-to-noise ratio
by highly concentrated dyes (Figure 9A).'®

The selectivity of fluorescent agents combined with SAPs
can be achieved by the responsiveness to internal environment,
such as enzymes and pH, or genes and proteins in organisms.
Sun et al.*” designed an amphipathic polypeptide precursor
that responded to SIRTS, a mitochondria-localized enzyme.
After entering the mitochondrial, Ksucc with a negative charge
in the peptide was hydrolyzed by SIRTS enzyme to form a
zero-charge desuccinylated peptide, which promoted the self-
assembly of polypeptide fragments rich in phenylalanine.
Fluorophore NBD could generate strong fluorescence in a
hydrophobic self-assembly environment and increase mito-
chondrial ROS, thus providing a useful idea of mitochondria-

confined peptide self-assembly for SIRTS imaging and
potential anticancer treatment (Figure 9B). Sun et al*’
designed an acid-activatable peptide-based transmorphic nano-
system for PDT (Figure 4B). The protonation of peptide-
porphyrin conjugate (PWG) owing to the increased acidity
induced the transformation of nanoparticles into nanofibers.
Strong fluorescent signals of these nanomaterials were detected
in tumor tissue up to 7 days after administration. This in situ
fibrillar transformation strategy achieved targeted long-term
imaging and therapy.

NIR dyes, which have deep tissue penetration and low
optical damage, emerged in living system imaging and are most
used for in situ self-assembly. Owing to the photothermal
characteristics of NIR dyes, they are often used in imaging-
guided photothermal therapy. Wang et al.'®® used an all-
hydrocarbon peptide stapling strategy to strengthen the a-helix
structure of the peptide, which was coupled with an NIR-II
fluorescent probe (N2) and self-assembled to realize tumor
imaging. Furthermore, using two fluorescent reaﬁgents on SAPs
can achieve different functions. Wang et al.'®" constructed
probes of peptide-cyanine conjugates (P-1Cy and P-2Cy). The
recognition motif of the peptide-cyanine conjugates specifically
recognized the X-linked inhibitor of apoptosis protein (XIAP),
leading to the activation of caspase-3/7. Then the enzymes
caspase-3/7 cleaved enzymatically cleavable linker (DEVE),
resulting in the in situ self-assembly of Pr-1Cy or Pr-2Cy (the
self-assembled residue of P-1Cy or P-2Cy, respectively). The
single cyanine (Pr-1Cy) or double cyanine (Pr-2Cy)
substitution led to a different aggregation type, resulting in
an energy conversion mode and making P-1Cy a NIR
fluorescence imaging agent, while P-2Cy a photothermal
therapeutic agent. NIR dye imaging can also be used for
surgical treatment guided by accurate imaging such as the
TER-SA probe developed by Xu et al.”® This probe could in
situ construct peptide-based nanofibers that exhibited an
excretion-retarded effect in the kidney, enabling increased S/
N ratio tumor imaging to guide high-performance tumor
removal. The tumor-specific excretion-retarded (TER) effect
also enabled the precise identification of eye-invisible tiny
lesions (<1 mm), which contributed to complete tumor
removal and significantly reduced the postoperative recurrence
compared with traditional surgery, ultimately reducing the
postoperative recurrence rate of renal cell carcinoma. Such an
efficient fluorescent probe is suitable for tumor surgery in
metabolic organs guided by accurate imaging.

In contrast to traditional fluorescent agents, which usually
exhibit aggregation-causing quenching effects, AIE molecules
emit enhanced and stable fluorescence upon aggregation. The
combination of SAPs with AIE dyes enhances the sensitivity
and stability of imaging. Li et al.'®” designed and synthesized a
controllable in situ assembly nanostructure peptide-AIE
conjugated probe, BIVE-TPE, for cell imaging. BIVE-TPE
was consisted of a self-assembled peptide-tetraphenylethene
(TPE) motif, a fibroblast activation protein alpha (FAP-a)
responsive motif, a hydrophilic motif, and a targeting motif.
The intramolecular movement of TPE could be strongly
restricted by regulating the assembly of BIVE-TPE, so that the
probe had a higher fluorescence signal output. The various
nanostructures formed by peptide and TPE could enhance
retention and accumulation on the surface of cells with better
imaging window. AIE dyes can be used for not only tumor cell
bioimaging but also guiding the accurate imaging of surgery.
Chang et al."®® proposed an efficient fluorescent probe MPA-
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Ph-R-FFGYSA, in which YSA peptide specifically identified the
overexpressed EphA2 receptor in the cancer cell membrane
and tumor blood vessels. The peptide self-assembled owing to
the excellent self-assembling property of “FFG”. “FFG”
benefited from the closer assembly of AlEgens (MPA-Ph-R-
COOH) in the EphA2 cluster; therefore, the luminescent
agents AlEgens arranged more compactly, showing a greater
fluorescence conversion rate and higher sensitivity. This
efficient fluorescent probe is suitable for accurate imaging.
AIE dyes also have great potential in bacterial imaging and
treatment. Yang et al.'®® proposed a fluorescent probe
(TPEPy-Py) for detecting the activity of bacterial ALP.
Peptides containing phosphorylated tyrosine could be
dephosphorylated by bacterial ALPs. Dephosphorylation
increased the hydrophobicity of peptide conjugates, rendering
their aggregates to self-assemble into fibrous structures on the
bacterial surface, thus initiating AIEgen fluorescence. In
addition, Liu et al.*’ proposed a probe for the diagnosis and
treatment of Gram-positive bacterial infections. Vancomycin in
AlEgen-peptide conjugate could specifically bind to Gram-
positive bacteria, triggering the self-assembly of phenylalanine-
phenylalanine (FF) dipeptide, and thus turning on the
fluorescence of AlEgen and simultaneously enhancing ROS
generation. The integration of AIEgen and SAPs represents a
potential strategy for disease diagnosis and treatment.

Smart SAPs for Magnetic Resonance Imaging.
Magnetic resonance imaging (MRI) provides high spatial
resolution, good soft tissue imaging effect, and three-dimen-
sional spatial imaging. However, owing to the low sensitivity of
MRI, contrast agents are usually used to improve MRI
sensitivity to differentiate tumors from normal tissues. MRI
contrast agents can be divided into longitudinal relaxation
contrast agents (T1 preparation) and transverse relaxation
contrast agents (T2 preparation). The applications of the two
contrast agents are described below.

The T1 reagent shortens T1 by the direct action of
hydrogen nuclei and paramagnetic metal ions in water
molecules and has high signal intensity and relatively bright
T1-weighted images. T1 is used for observation and anatomy.
Accardo et al.'””" designed a gadolinium complex-based MRI
contrast agent in which the Gd-complex was connected to one
end of the PEGy-(FY); polymer peptide. The peptide self-
assembled into crossed f nanostructures in water and formed a
soft hydrogel at a concentration above 1.0 wt %, thus
increasing the aggregation of signal molecules (Gd**). As a
magnetic resonance supramolecular contrast agent, it improved
the inherent resolution of diagnostic imaging. Li et al.'*
designed a T1-weighted MRI probe (GFV) based on the
strategy of supramolecular self-assembly. The antibiotic
molecule vancomycin in the probe targeted against Staph-
ylococcus aureus. Owing to m—m stacking, the self-assembly
motif in the probe could be self-assembled into nano-
aggregates, and the T1 signal molecule (Gd**) could also be
aggregated, providing the probe with a high longitudinal
relaxation rate (r,). This probe could diagnose bacterial
infections and monitor therapeutic drugs in real-time.

The T2 reagent shortens T2 by interfering with the
heterogeneity of the external local magnetic environment so
that the adjacent hydrogen protons quickly generate a diphase
in relaxation. The T2-weighted images are dark and show a low
signal intensity. T2 is conducive to the observation of lesions
and is sensitive to aqueous tissues. Zhu et al.'”> designed
superparamagnetic iron oxide nanoparticles (SPIONs), a self-

assembled peptide coupled with SPION and modified the
functional peptide IKVAV to track stem cells. Nanofibers
doped with the IKVAV sequence could induce rapid and
selective differentiation of neural progenitor cells into neurons.
This peptide significantly improved the ability of rat
mesenchymal stem cells (MSCs) to attach to the scaffold
surface, increased the stability of SPION suspension, and
promoted MSCs uptake. Using SPION as a contrast agent for
stem cell tracking improved transverse relaxivities (r,) and
MRI efficiency.

The T1/T2 dual-mode MRI contrast agent has a higher
relaxation rate in MRL Wang et al.'”’ designed an enzyme-
responsive polymer peptide-porphyrin conjugate PPPC con-
taining a hyperbranched polymer backbone, a self-assembled
peptide linked with an enzyme-cleavable peptide-poly(ethylene
glycol) terminal, a bacterial targeting peptide, and a porphyrin
sonosensitizer (MnTCPP) segment. Once the PPPC nano-
particles reached the bacterial infection area where gelatinase
was overexpressed, the PEG protective layer was removed, and
led to the aggregation of photosensitizer caused by self-
assembly. The combined MRI technology of T1 and T2
helped monitor the accumulation of the sonosensitizer
porphyrin. Ultrasound was initiated to treat the bacterial
infection accurately when the concentration of nanoparticles
reached the minimum inhibitory concentration (MIC). This
MRI-guided system showed enhanced tissue penetration
depth, drug concentration monitoring, induction accumulation
of morphological transformation, and improvement of treat-
ment ability for drug-resistant bacteria (Figure 9C).

Smart SAPs for Photoacoustic Imaging. Photoacoustic
imaging (PAI) is a noninvasive and nonionizing imaging
technology. PAI provides high-resolution and high-sensitivity
tissue imaging by combining the high contrast characteristics
of optical imaging with the high penetration depth character-
istics of ultrasonic imaging.

Several PAI probes have been developed based on NIR dyes
(such as ICG, porphyrin, and cyanine). As PAI contrast agents,
they provide improved resolution compared to traditional
imaging technologies because of the low autofluorescence,
deep tissue penetration, and minimal light scattering.'”® These
photosensitizers can also be used in photothermal therapy as
they convert light energy into heat to ablate cancer cells.
Therefore, such photosensitizers can be used for the
integration of imaging and treatment. Liu et al.'”* designed a
nanosystem with all-in-one property for tumor PAI and
chemo-photothermal combination therapy. Under the stim-
ulation of porphyrin photothermal effect, cancer cells were
more susceptible to the chemotherapy drugs of tyroservatide,
giving rise to enhanced histone acetylation and cell apoptosis.
In addition, with the help of PA image-guided mild
hyperthermia, the tumor inhibition rate of chemotherapy-
photothermal combination therapy with a single injection
reached to 70%, which could significantly reduce the dose of
chemotherapy while imaging.

In addition to the NIR dye-based probe, PAI can also be
achieved using responsive precursors. Wang et al.'”> designed a
self-assembled nanogel in which SiO, nanoparticles were used
as an inorganic core. The protonation process was induced by
in situ amidation, and a self-assembled dilysine coordination
iron (Fe(Lys),) functionalized polypeptide gel (SiO,@
MCSGs) was constructed on the nanointerface. SiO,@
MCSGs exhibited superoxide dismutase (SOD) and perox-
idase (POD) activities. After loading the substrate 2,2’
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azinobis(3-ethylbenzthiazoline-6-sulfonate (ABTS), SiO,@
MCSGsABTS could transform O, in the TME into an H,0,
intermediate. Then, it serially catalyzed ABTS oxidation to an
oxidation state with strong absorption in the NIR band,
making it an ideal PAI contrast agent. The self-assembled
nanogel simulant SiO,@MCSGsABTS has great potential in
the PAI of tumors.

Smart SAPs for Multimodality Imaging. Multimodal
imaging combines the advantages of various imaging
technologies, overcomes the shortcomings of single imaging
technology, and provides more detailed and accurate
diagnostic information based on high sensitivity and resolution
to improve diagnosis and treatment methods.

Zhang et al. 70 designed a double-targeted double-imaging
agent probe (CyS.5-SAPD-99 mTc) for glioblastoma multi-
forme treatment. The cyclic heptapeptide comprised an RGD
homing motif and a mitochondria-targeting motif, which
targeted caspase3-integrin and KLAK pro-apoptotic motifs,
respectively, to induce cancer cell apoptosis by producing ROS
and activating caspase-3. Simultaneously, the NIR fluorescent
dye for optical imaging and the f/y-emitting radionuclides for
SPECT imaging were subjected to the modified cyclic
heptapeptide, realizing the bimodal imaging and clinical
treatment of glioblastoma multiforme. Bimodal imaging can
be used to target tumor sites and blood vessels, thereby
benefiting patients with atherosclerosis. Cao et al.'"”” designed
a nanoprobe to monitor the generation of blood vessels in
atherosclerosis through double imaging. They constructed a
human serum albumin (HSA) nanoprobe (ICG-HSA-RGDfk
NPS, IHR-NPs) by coating indocyanine green (ICG) on
RGDfk peptide through electrostatic interaction. HSA was
used as a natural drug carrier owing to its inherent
biocompatibility. The RGDfk peptide targeted integrin a,f3;,
with ICG acting as an excellent vascular contrast agent. The in
vivo lipids were imaged at an excitation wavelength of 1720
nm, thereby performing IVPA/IVUS double imaging of blood
vessels resulting from atherosclerosis.

CONCLUSIONS AND PERSPECTIVE

SAPs link multidisciplinary research fields such as chemistry,
material science, and life science. The ordered structure of
SAPs is the result of cooperation between molecules through
noncovalent interactions, including hydrogen bonding, 7—7n
stacking, and electrostatic, hydrophobic, and van der Waals
interactions. These noncovalent interactions contribute to the
formation of f-sheet, a-helix, or PAs, further promoting higher
hierarchical structure, like nanospheres, nanofibers, and
nanowires.

Molecularly stimuli-responsive SAPs respond to internal
(pH, enzyme, ROS, and temperature) and external (light and
magnetism) stimuli. Among the internal stimuli, pH, enzyme,
and temperature responses are significantly applied to SAPs
and depend on the nature of the peptide itself, whereas ROS-
responsive SAPs require the introduction of ROS-cleavable
bonds. Light is the most widely used stimulus factor among
external stimuli and leads to the development of PDT and
PTT therapies. In addition, some researchers have successfully
developed SAPs using the highly specific binding character-
istics between receptors and ligands. SAPs can be programmed
to perform dual or multiple responsive morphological
transformations, allowing for targeted imaging and therapy.
The morphological transformation of SAPs is the result of
reshaping the balance of intra/intermolecular interactions.

Guidelines to SAPs design should be function oriented. SAPs
can achieve different functions by introducing different
components. Through passive/active targeting, SAPs can be
enriched at the target site, thus increasing the cargoes
concentration and enhancing therapeutic effect. The respon-
sively converted nanoparticles can expose active sites and
improve the cellular internalization of SAPs. While the
transformed nanofibers at the target site can prolong retention
time, disturb the organelle function, block the receptor—ligand
recognition, prevent tumor metastasis, form the ECM, or
promote cell growth. SAPs have promising application
prospects in antitumor and antibacterial therapies, tissue
repair, and imaging.

There are a lot of preclinical and clinical studies on SAPs.
EAK16 and RADA16 are the most widely used SAPs for
surgery and construction of nanofiber scaftolds for cell repair
and regeneration.'”® The SAP RADAL16 is sold as a hemostatic
agent for surgery (PuraStat) and a reagent for life science
research (PuraMatrix). PuraMatrix is sold directly by 3-D
Matrix and through distributors including Corning, VWR,
Fisher Scientific, and others.'”” Designing from scratch or
combining mature SAPs to develop stimuli-responsive SAPs
help us obtain the smart therapy/imaging system. At present,
there are many effective peptides, but relatively few have been
put into clinical use. Smart SAPs can help solve the limited
problems. For example, more than 5000 natural and synthetic
AMPs have been discovered, while only eight have been
approved by the Food and Drug Administration (FDA)."*
Incorporating AMPs into smart SAPs can help solve the
problems of poor stability and side effects in vivo. Some smart
SAPs are in clinical trials. For example, P11-4 (Ac-
QQRFEWEFEQQ-NH,) can be self-assembled into f-sheet
amyloids with a hydrogel appearance at low pH, which is used
for biomimetic mineralization, enamel regeneration, and oral
care agent.181

Although SAP research has advanced considerably, emerging
challenges must be addressed including (i) some undesired
morphological transformation out of the target sites caused by
the complex internal environment; (ii) lack of mature methods
and tools for real-time feedback in vivo self-assembly processes;
and (iii) application of SAP in tissues or organs which lack
specific stimuli like the overexpressed enzymes, the low pH,
and so on. To sum up, a more sophisticated design must be
applied to realize adaptive self-assembly in vivo and precise
superstructure control. Tools and methods must be developed
to characterize and accurately control the dynamic behavior of
self-assembly. More specific stimulus-response mechanisms
must be developed to improve safety and response efficiency. It
is necessary to develop methods that can achieve enrichment
and morphological transformation in conditions lacking
specific stimuli, and the ligand—receptor/cytokine responsive
SAP is a promising option. In the future, smart SAPs can be
developed by learning from nature and benefit the natural
society.
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VOCABULARY

Self-assembly, technology of spontaneous formation of ordered
structure by basic structural units; nanoparticle, ultrafine unit
with dimensions measured in nanometers; target delivery,
technology for transporting cargoes to the target area through
nanocarriers; tumor microenvironment, a comprehensive
system mainly composed of tumor cells, the surrounding
immune and inflammatory cells, tumor-related fibroblasts, and
nearby interstitial tissue, microvessels as well as various
cytokines and chemokines; imaging, the process of forming
images that represent things such as sound waves, temperature,
chemicals, or electrical activity
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