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The past few decades have witnessed substantial progress in biomedical materials for addressing health
concerns and improving disease therapeutic and diagnostic efficacy. Conventional biomedical materials
are typically created through an ex vivo approach and are usually utilized under physiological
environments via transfer from preparative media. This transfer potentially gives rise to challenges
for the efficient preservation of the bioactivity and implementation of theranostic goals on site.
To overcome these issues, the in situ synthesis of biomedical materials on site has attracted great
attention in the past few years. Peptides, which exhibit remarkable biocompability and reliable
noncovalent interactions, can be tailored via tunable assembly to precisely create biomedical materials.
In this review, we summarize the progress in the self-assembly of peptides in living cells for disease
diagnosis and therapy. After a brief introduction to the basic design principles of peptide assembly

Received 21st February 2024, systems in living cells, the applications of peptide assemblies for bioimaging and disease treatment are
Accepted 25th March 2024 highlighted. The challenges in the field of peptide self-assembly in living cells and the prospects for
DOI: 10.1039/d4tb00365a novel peptide assembly systems towards next-generation biomaterials are also discussed, which will

hopefully help elucidate the great potential of peptide assembly in living cells for future healthcare
rsc.li/materials-b applications.

1. Introduction

Biomedical materials serve as the basic platform for most

healthcare, ranging from diagnosis to rehabilitation and treat-
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into different types, such as metals, ceramics, polymers, and
hybrids.** In particular, fabricating biomaterials using bottom-
up approaches opens a new avenue to improve their perfor-
mance in healthcare and revolutionize the approaches for
improving human health.

Conventionally, biomaterials utilized in healthcare are cre-
ated in an ex vivo manner. In typical processes, guided by
healthcare goals, the materials are formulated from individual
components with corresponding functions. The bioactivity of
the resulting materials is evaluated through in vitro and in vivo
studies. Despite the enormous progress achieved in this field,
conventional biomaterials prepared under ex vivo conditions
still face challenges arising from their preparation under
simplified solution environments, whereby their utilization
via transfer to the physiological environment can lead to
biosafety issues associated with off-targeting or a loss of
bioactivity. Therefore, currently available biomaterials conse-
quently exhibit poor treatment outcomes and limited selection
between healthy and pathological regions.>® To control
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bioactivity, stimulus-responsive biomedical materials have
been developed as second-generation counterparts.”®> Employ-
ing either external or internal stimuli, the bioactivity of
stimulus-responsive biomaterials can be precisely regulated at
pathological sites. However, preformed biomaterials still suffer
from problems in blood circulation and site accumulation. As
an extension of stimulus-responsive categories, third-
generation biomaterials can be created on site, termed as
in  situ-formed biomaterials."®""  Generally, stimulus-
responsive materials undergo various responses upon exposure
to stimuli, broadly ranging from structural changes to func-
tional implementation. In situ-formed materials are usually
created through stimulus-responsive processes. Therefore,
in situ-formed materials are, in principle, one category of
stimulus-responsive materials. However, the definition of
in situ-formed materials emphasizes the formulation on target-
ing sites and allows for a precise clarification of stimulus-
responsive processes. In addition, compared to traditional
strategies, biomedical materials prepared in living environ-
ments obviously allows for satisfying the demand for health-
care with real-time characterization and detection under
physiological conditions.">"® Accuracy and the precision acti-
vation of bioactivity at specific sites could thereby alleviate the
possible biosafety issues of such materials."*™°

In situ biomaterials are strongly dependent on stimulus-
responsive reactions to regulate their bioactivities. In principle,
in situ biomedical materials are typically involve stimulus-
formation and stimulus-responsive activation aspects. Stimulus-
responsive formation refers to the creation of a biomaterial’s
individual components, thereby generating the bioactivity."” '
Stimulus-responsive activation involves the removal of caged
functional groups and self-immolative moieties. Considering the
advantages of self-assembly for generating nanostructures,
bottom-up fabrication has great potential for the creation of
in situ biomaterials in living systems.
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Peptides consisting of amino acids exhibit great biocompat-
ibility and reliable noncovalent interactions.”>>* The self-
assembly of peptides into well-defined nanostructures therefore
has been considered as one of the versatile strategies for creating
biomedical materials.>*>® Due to their great biocompatibility
and reliable noncovalent interactions, peptides have been
widely utilized as components for the development of bio-
medical materials. The resulting peptide-based materials have
been broadly utilized in biomedical engineering, ranging from
bioimaging, drug delivery, cell culture, and tissue regeneration,
to antibacterial therapy.’** In addition, expanding knowledge
about the peptide assembly mechanism has promoted the
development of a considerable number of strategies to manipulate
the self-assembly of peptides under various conditions.****> While
either external or internal stimuli could be employed as the
sources to control peptide assembly, stimulus-responsive reac-
tions upon amino acid sequences or individual residues enrich
the approaches to efficiently modulate the assembly driving
forces for peptides.**** Hence, the formation of assembled
peptide materials with distinct structural features and bioactiv-
ities in living conditions becomes possible. The versatility of
peptide-based biomedical materials leads to a vast space for
the development of next-generation biomaterials and precise
medication.

In situ peptide biomaterials refer to biomaterials formed at
targeted sites caused by appropriate stimuli. Only considering
the biomaterials utilized for body healthcare, the targeting sites
could be defined under different aspects. At the macroscale
level, the targeting sites could be on the skin or inside the body;
while at the microscale level, the targeting sites could be
classified into the surface or interior of tissues; and at the
cellular level, the in situ biomaterials could be extracellularly or
intracellularly formed. However, peptide-based materials in
living cells usually originate from either the internalization of
ex vivo-assembled biomaterials or in situ assembly. On the basis
of these considerations, in situ peptide biomaterials and
peptide-based materials assembled in living cells are different,
while exhibiting some overlap between each other. Analogous
to ex vivo formed materials, combining an in situ assembling
propensity with antimicrobial activity can lead to the in situ
formulation of peptide biomaterials with great potential in
various areas, such as antibacterial agents.

This review presents an overview of the progress in the self-
assembly of peptides in living cells toward biomedical agents
that have been achieved within the past few years. Starting with
a brief introduction of biomedical materials, we introduce
the design principles for peptide assembly in living cells with
respect to the stimulus sources, bioactivity generation, and
assembly regulation. Afterwards, the corresponding applica-
tions of peptide-based biomaterials formed in living environ-
ments, predominately including bioimaging, disease diagnosis,
and treatment, will be highlighted. Eventually, the challenges
faced in the self-assembly of peptides in living cells and the
prospects of novel peptide assembly systems toward next-
generation biomaterials will be also discussed, thereby helping
elucidate their great potential for healthcare in the future.

This journal is © The Royal Society of Chemistry 2024
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2. Self-assembly of peptides in living
cells

The self-assembly of peptides could be manipulated by exter-
nal and internal stimuli,> precisely forming biomedical
materials.’® Thus far, various stimulus-responsive strategies,
including protonation, cleavage, cross-linking, redox, and iso-
merization promoted by enzymes, photons, acids, ROS, and
glutathione (GSH), have been developed to establish peptide
controllable assembly systems.*”*° These responsive reactions
provide various options for the formulation of biomedical
materials under living conditions.’*™* The in situ formation
of peptide-based biomaterials is primarily based on stimulus-
assembly (including the formation of less-ordered aggregates)
and stimulus-responsive morphological transformation (Scheme 1).

The responsive assembling systems undergo stimulus-
responsive assembly prompted by precursor monomers, in
which the precursors are converted to assembling monomers
and subsequently assemble into bioactive assemblies for dis-
ease theranostics. On the contrary, morphological transforma-
tion systems are based on biomaterials undergoing a stimulus-
responsive morphological transition. Peptide assemblies exhi-
bit morphological diversity and they may be present in diverse
forms, including nanoparticles, nanofibers, nanoribbons, and
nanotubes. Upon exposure to stimuli, these assemblies can
undergo morphological transition, leading to structural
changes and thereby affecting the assembly driving forces.
Therefore, these assembly systems allow for the development
of assembled peptide biomaterials via stimulus-responsive
morphological transformation, which is distinct from the case
of peptide materials formed through assembly from mono-
mers. Thus far, there are several reference studies that have
reported such kinds of peptide materials exhibiting responsive
morphological transformation.”*>*

The design of peptide assembly systems for biomedical
materials is predominately based on the incorporation of
stimulus-responsive and functional moieties into peptides.
The stimulus-responsive units allow for the formulation of
materials at targeting sites, while the functional moieties
account for the bioactivity, which many be either simulta-
neously generated during the self-assembly or activated
through specific processes.””>® The stimulus-induced self-
assembly or morphological transformation of peptides is
usually promoted by a sequence cleavage or by reactions at
the side chains.>® For instance, the selective hydrolysis of
amino acid sequences by enzymes allows for regulating the
assembly via sequence cleavage, while stimulus-responsive
reactions on the side chains of amino acids provide the
versatility for the assembly of peptides in living cells. Accom-
panied with natural amino acids, several noncanonical amino
acids have been synthesized and incorporated in peptide
sequences.

The incorporation of functional moieties in biomedical
materials depends on the healthcare objectives. In most cases,
imaging probes, drugs, or epitopes as targeting moieties and
growth factors have been covalently attached with peptide
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Scheme 1 Schematic illustration of the self-assembly of peptides in living cells toward biomedical materials with an emphasis on the design principles

and applications in bioimaging and disease therapy.

sequences and eventually integrated into materials utilized in
tissue engineering, bioimaging, and disease therapy. Besides
offering possibilities for attaching intrinsically bioactive moi-
eties, stimulus-responsive functional moieties also offer the
possibility for the in situ activation of biomaterials, particularly
for bioimaging agents. In some special cases, the bioactivity of
materials could be enhanced due to formation of ordered
nanostructures. In the following sections, we outline some
examples of peptide assembly in living cells according to
biomedical applications in bioimaging and disease therapy
with an emphasis on the design principles for materials for-
mulation and activation of the biomedical functions.

3. Peptide assembly in living cells for
bioimaging

Self-assembled peptide probes, which can be classified as
either “always-on” or ‘responsive-activated” types, are consid-
ered as new bioimaging agents due to their advantages for
addressing the need for accumulation and retention at the
target, as well as enhancing signal intensity.>® “Always-on”
peptide probes generate fluorescent signals through accumula-
tion and retention at the targeting sites.”” For example, Pu’s
group developed semiconducting polymer nanoprobes for pro-
tein sulfonic acids without the influence of fluorescence and PA
properties.”® In contrast, “responsive-activated” probes can
interact with the detecting targets to activate fluorescence
emission. Regardless of the type of self-assembled peptide
probes, stimulus-responsive assembly processes can contribute
to optimizing the pharmacokinetic parameters and avoid
the rapid degradation of peptide probes. Self-assembly into

4292 | J Mater. Chem. B, 2024,12, 4289-4306

ordered supramolecular structures can also potentially
amplify the signal intensity, thereby improving signal-to-noise
ratios.’*®* In addition, the stimulated-activation of peptide
probes allows for the improvement of imaging sensitivity and
for the real-time monitoring of physiological information in
response to intrinsic biomarkers at pathological sites.®>® This
section discusses peptide self-assembly in living cells with
bioimaging functions based on various imaging models, ran-
ging from fluorescence, to photoacoustic, and magnetic reso-
nance, as well as multi-model systems.

3.1. Fluorescence imaging

Fluorescence imaging is one of the most conventional methods
for bioimaging due to its affordability, simplicity, and capabil-
ity for non-invasive and minimally invasive surgeries.®”””* The
fluorescence imaging of pathological tissues depends on the
precise generation of fluorescence signals at specific sites, for
example fluorescence generation in living cells.

Recently, our group designed and synthesized an enzyme-
activated peptide fluorescence probe (FI-A(2NI)VE) that can
undergo morphological transformation in the tumour hypoxic
region induced by nitroreductase (NTR) (Fig. 1),”> which is a
typical reductase overexpressed in solid tumour hypoxic
regions.”® Both the morphological transformation and fluores-
cence activation were promoted in the living environment by
the NTR-reduction of a noncanonical amino acid 2-nitro-
imidazol-1-yl alanine [A(2NI)]. Conversion of the hydrophobic
nitro group into a hydrophilic amino group within the amino
acid simultaneously weakened the assembling driving forces
and prevented fluorescence quenching. By rationally incorpor-
ating A(2NI) into the peptide sequence, the FI-A(2NI)VE probe

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Nitroreductase-induced enzyme-activated transformable supramolecular probes for fluorescence imaging in the tumour hypoxic region.
(A) Schematic illustration of the design of NTR-responsive amino acid A(2NI) and the mechanism for efficient hypoxia fluorescent imaging by the
morphology-transformable fluorescent supramolecular probe FI-A(2NI)VE. Scale bar: 200 um. (B) Fluorescence spectra of peptide IR780-A(2NI)VE and
probe FI-A(2NI)VE in the presence or absence of NTR (excitation: 780 nm). AFM images of FI-A(2NI)VE (C) and FI-A(2NHI)VE (D). (E) Quantitative in vivo
fluorescence intensity of tumour-bearing mice treated with FI-A@NIVE (1), FI-A@NHI)VE (ll), or FI-ANI)VE + dicoumarin (Ill). Reproduced with

permission from ref. 72. Copyright 2021, American Chemical Society.

was created via co-assembling the peptide A(2NI)VE with the
dye-labelled derivative IR780-A(2NI)VE. In vivo results demon-
strated that the FI-A(2NI)VE probe could efficiently accumulate
at the periphery of the solid periphery compared to spherical
probes and could also penetrate into the deep region of
solid tumours compared to the morphology-persistent fibrous
probes. This hypoxic-activated morphological transformable
peptide-based fluorescence probe provides a new approach
for the efficient imaging of solid tumours, and may potentially
be particularly useful for application with tissues with rapid
metabolizing characteristics.

3.2. Photoacoustic imaging

To overcome the limited tissue penetration and signal inter-
ference drawbacks of fluorescence imaging, photoacoustic
imaging (PAI) has been developed based on a photoacoustic
effect, in which input light energy is converted into heat,
subsequently leading to transient thermoelastic expansion
and wideband ultrasonic emission.”*”® The resulting ultraso-
nic waves are then detected by transducers and analysed to
generate PA images. Compared to other imaging modes, PAI
combines the high contrast of optical imaging with the good
tissue penetration of ultrasonic waves, thus allowing it to fill
the scale gap between microscopic and macroscopic imaging
techniques. Therefore, in the past few years, many PAI contrast

This journal is © The Royal Society of Chemistry 2024

agents have been developed for in vivo PAI imaging.”” *" Among

these probes, responsive-formed peptide-based PAI probes
exhibit real-time, non-invasive, and continuous monitoring
features and are therefore considered a promising strategy for
designing intelligent in vivo probes.?***

In addition to responsive formation, peptide-based PA
probes could also undergo reactive morphological transforma-
tion to modulate the bioactivity and signal intensity.*>*” Wang
and colleagues designed a photothermal-promoted morpho-
logy transformation (PMT) strategy to accelerate the responsive
formation of polymer-peptide conjugates into ratiometric PA
probes (Fig. 2).*” The polymer-peptide conjugate consisted of a
mitochondrial-targeting therapeutic peptide [KLAKLAK],, an
assembly segment KLVFF, a polymer-peptide conjugate PKK-
S-PEG, a GSH-responsive unit tailored with hydrophilic PEG,
and a photothermal/optoacoustic motif purpurin-18 (P18).
While the conjugate formed nanoparticles coated with hydro-
philic PEG tails, GSH-induced cleavage of disulphide bonds led
to the formation of nanofibers driven by the strong assembling
propensity of KLVFF. Upon exposure to light irradiation, the
morphological transformation from nanoparticles to nano-
fibers was accelerated by a photothermal effect associated with
P18. The morphological transformation also altered the mole-
cular arrangement of P18 along the nanofibers, thus leading to
a red-shift of the UV-vis absorption for P18 and remarkably

J. Mater. Chem. B, 2024, 12, 4289-4306 | 4293
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Fig. 2 Photothermal-promoted morphological transformation (PMT) of ratiometric probes for PA imaging. (A) Chemical structure of PKK-S-PEG and
the process for the photothermal-accelerated responsive transformation of nanofibers monitored by PA imaging. (B) Time-course TEM images of PKK-S-
PEG treated with GSH in the dark (left) and upon NIR irradiation (right). (C) RPA difference between NFs and NPs formed by PKK-S-PEG and GSH-reduced
PKK-S-PEG at different wavelengths. (D) RPAsz0/685 images of Hela cells treated by PKK-S-PEG in either PMT or spontaneous morphology
transformation (SMT) process. (E) PA images at 730 or 685 nm in transverse sections of the tumour tissues from the mice treated with PKK-S-PEG
for 4 to 12 h. Reproduced with permission from ref. 87. Copyright 2018, American Chemical Society.

different ratiometric photoacoustic (RPA) values at 730/685 nm
between the nanoparticles and nanofibers. Compared to spon-
taneous morphology transformation, the responsive PMT-
accelerated morphology transformation in living cells or at
target sites was also confirmed by PA images of HeLa cells
and tumour-bearing mice treated by the conjugates via record-
ing the RPA signals at 730/685 nm. This works demonstrated
the potential of photothermal-promoted morphology transfor-
mation as an efficient strategy for the responsive formulation
of peptide-based nanostructure for biomedical engineering in
the future.

3.3. Positron emission tomography

Positron emission tomography (PET) is a powerful non-invasive
imaging technique for disease scanning via utilizing radio-
active probes and then collecting the annihilating radiation
information arising from the probes.®®*"*° Efficient PET imaging
strongly depends on the target accumulation of the probes at

4294 | J Mater. Chem. B, 2024, 12, 4289-4306

the disease sites. However, the limitation of conventional small
molecular probes and nanoprobes for target accumulation
significantly prevents further contrast improvement. For
instance, while small-molecule probes with deep tissue pene-
tration are rapidly metabolized, nanoprobes with high signal-to-
background ratios tend to exhibit poor tissue penetration.”>*?
Therefore, responsive-formed PET probes have been developed,
as exemplified by the hallmark work reported by Rao’s group, as
well as other research groups.*™

In their early work, Rao et al. reported a strategy of target-
enabled in situ ligand aggregation (TESLA) to develop
responsive-formed PET tracers through a biorthogonal cycliza-
tion between 2-cyano-benzothiazole (CBT) and cysteine (Cys).”**”
The PET tracer was composed of one '®F-labelled tag and one
DVED-caged cysteine residue and underwent -caspase-3
induced cyclization and subsequent aggregation in doxoru-
bicin-treated tumour cells, which ultimately enhanced retention
of the "®F-labelled tracer in cells for imaging caspase-3 activity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Pre-targeted PET imaging of caspase-3/7 activity by the controllable assembly of nanoparticles. (A) Illustration of the pre-target strategy for
imaging enzyme activity based on reactive aggregation and the chemical structures of the corresponding ligands. (B) HPLC traces of TCO-C-SNAT4
along with the incubation with caspase-3 or addition of Tz-BDP to cycl-TCO-SNAT4. (C) DLS analysis of the nanoparticle sizes formed by cycl-TCO-
SNATA4. (D) TEM image of nanoparticles of cycl-TCO-SNAT4. Scale bar: 500 nm. (E) Decay of the fluorescence signals at the injection sites of cycl-
TCO-SNAT4 and TCO-C-SNAT4 over 8 h. (F) Time-course fluorescence imaging of cisplatin-pretreated H460 tumour-bearing mice injected with
TCO-C-SNAT4. Reproduced with permission from ref. 99. Copyright 2020, Wiley-VCH GmbH.

A targeted-enabled responsive formulation of PET tracers was
also developed by utilizing the intramolecular cyclization
between CBT and disulfide-caged cysteine for enabling the
imaging activity of different enzymes.”® Recently, Rao and
co-authors developed a pre-targeted imaging strategy for the
responsive formation of PET tracers based on two biorthogonal
reactions, i.e. the condensation between pyrimidinecarbonitrile
and cysteine and the inverse-electron demand Diels-Alder
(IEDDA) reaction between tetrazine (Tz) and trans-cyclooctene
(TCO) (Fig. 3).”° The precursor molecule TCO-C-SNAT4 con-
sisted of a TCO moiety as the handle to rapidly capture imaging
probes and could be converted into Cycl-TCO-SNAT4, which
underwent responsive aggregation into TCO-labelled nano-
particles. Subsequently, either the fluorescence tag Tz-BDP or
PET imaging tag ®*Cu-chelated Tz-DOTA was administrated to
label the nanoparticles through an IEDDA reaction between Tz
and TCO. The caspase-3/7-promoted cleavage of the caged
segment and responsive formation of nanoparticles were thor-
oughly confirmed by a combination of HPLC, dynamic light
scattering, and TEM studies. In vivo experiments demonstrated
the pre-targeted imaging strategy for both the fluorescence and

This journal is © The Royal Society of Chemistry 2024

PET imaging of caspase-3/7 activity, due to the decoupling of
enzyme activation and imaging tag immobilization.

3.4. Magnetic resonance imaging

Magnetic resonance imaging (MRI) is based on the principles
of magnetic resonance to generate in vivo signals with high
resolution and deep tissue penetration.’®®'% Due to its mature
and robust characteristics, MRI has become a powerful diag-
nostic tool in clinical medicine. The responsive formulation of
MRI contrast agents allows for broadening the difference
between pathological and healthy tissues and thus improving
the sensitivity of MRL'®*"° Liang’s group developed several
unique approaches for the responsive formation of gadolinium
(Gd)-based MRI contrast agents instructed by enzyme-catalysed
reactions."™ For instance, the group designed a y-glutamul-
transpeptidase (GGT)-instructed CBT-Cys cyclization for the
formulation of Gd-based contrast agents with enhanced T),-
weighted MRI under a high magnetic field. Upon GGT cleavage
and GSH reduction, the probe, Glu-Cys(StBu)-Lys(DOTA-Gd)-
CBT, underwent intermolecular CBT-Cys condensation and
formed nanoparticles in GGT-overexpressed tumour cells. Both
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Fig. 4 ALP-activatable NIR fluorescence/MRI bimodal probes for in vivo imaging. (A) Chemical structure of P-CyFF-Gd and its ALP-induced assembly
into nanoparticles exhibiting enhanced fluorescence and r; relaxivity. (B) Mechanism of P-CyFF-Gd for the bimodality imaging of ALP-positive tumour
cells in vivo. (C) T;-weighted MR images and T values for P-CyFF-Gd upon the addition of ALP. (D) TEM image of nanoparticles collected from Hela cell
membranes incubated with P-CyFF-Gd for 1 h. (E) Average FL intensity (red) and T; value (black) of cell pellets incubated with different treatments.
(F) ICP-MS analysis of the Gd contents on the cell membrane or intracellularly after incubation with the indicated treatments. |-1V: Hela cells incubated
with P-CyFF-Gd (I), PCy-Gd (ll), P-CyFF-Gd (lll), IV: P-Cy-Gd (IV). (G) Normalized FL intensity of HelLa tumour-bearing mice with different treatments.
(H) T;-weighted MR images of HelLa tumour-bearing mice with different treatments. In (G) and (H), I-11I: HeLa cells incubated with P-CyFF-Gd (), PCy-Gd

(1), or P-CyFF-Gd (lll). Reproduced with permission from ref. 113. Copyright 2019, American Chemical Society.

in vitro and in vivo experiments confirmed the enhanced
T,-weighted MRI signal in HeLa cells and tumour-bearing mice,
due to the improved cellular uptake and formation of the
nanoparticles.

In addition, combining MRI with other imaging methods
enables further improving the sensitivity for pathological tissue
detection.'*? In this context, Ye’s group established strategies
for the responsive formulation of probes with multimodality
imaging functions, including NIR fluorescence (FL)/MRI and
NIR FL/MRI/PET imaging (Fig. 4)."** The primary challenge for
the formulation of such probes lies in integrating the stimulus-
responsive self-assembling process with the signal-generating
units. Therefore, the authors integrated activatable NIR and MR
probes with a dipeptide motif, leading to the bimodal probe
P-CyFF-Gd containing a phosphorated merocyanine dye. The
probe assembled into nanoparticles at the tumour sites follow-
ing an ALP-cleavage reaction within the dye, thereby amplifying
and accumulating the imaging signals. In particular, the for-
mation of nanoparticles prevented molecular rotation and
generated bright T;-weighted MR via increasing the r; relaxa-
tion rate and shortening the water protons’ T; relaxation.
The HeLa cell experiments and tumour-bearing mice studies

4296 | J Mater. Chem. B, 2024,12, 4289-4306

showed a robust NIR FL signal, a shortened T, relaxation, and
the enhanced fluorescence and MR contrast, thus evidencing
the efficient activation of P-CyFF-Gd through ALP dephosphor-
ylation and stimulus-responsive self-assembly.

4. Peptide assembly in living cells for
disease therapy

The efficient delivery of therapeutic agents to pathological sites
is the basis for achieving a perfect curative effect in disease
therapy. Conventional delivering vehicles have been demon-
strated with limited capability to overcome the physiological
barriers present in the delivery pathway, including the
blood flow, tumour cell interstitial compartment, and cell
membranes."** "7 The application of stimulus-activated pep-
tide assemblies towards drug delivery allows for overcoming
the physiological barriers in delivery via the morphological
transforming or assembling process.''*'*' For example, the
assembly process bestows peptide-based nanomedicines with
stabilization during blood circulation, whereas the transformation
from nanofibers into small nanoparticles facilitates tumour

This journal is © The Royal Society of Chemistry 2024
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penetration.'*® Therefore, due to the precise control of
stimulus-responsive self-assembly or morphological trans-
formations, self-assembled peptide nanostructures in living
cells have great potential for application in various disease
treatments.'>>"** This section discusses several recent exam-
ples utilizing stimulus-responsive self-assembled peptides in
different therapeutic methods, including phototherapy, chemo-
therapy, immunotherapy, and combination therapy.

4.1. Phototherapy

Phototherapy predominately includes photodynamic therapy
(PDT) and photothermal therapy (PTT)."*> > With respect to
PDT, the exposure of photosensitizers to light leads to the
production of ROS, such as hydrogen peroxide (H,O,) and
hydroxyl radicals (HO®) that usually elicit cell death via the
oxidization of biomolecules.*® In contrast, the activation
of photosensitizers utilized in PTT by light irradiation releases

*\“05 Photodynamic Therapy
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102 b g 8
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vibrational energy, rather than transferring into ROS species,
and subsequently kills cells by local heating. However, high
temperature can also cause thermal damage to adjacent healthy
tissues. Therefore, mild-temperature PTT strategies that mini-
mize the associated adverse effects have been developed, but
suffer from limited therapeutic efficacy or the thermoresistance
of cancer cells."®" This can be overcome by combining PTT with
other therapeutic modalities, such as immunotherapy or che-
motherapy, which is discussed later in the combination therapy
section."**™%° 1t is worth noting that within phototherapy, the
integration of photosensitizers with peptide assemblies not
only facilitates the target delivery of photosensitizers, it most
probably also enhances the production of ROS or heat energy
through organization within peptide nanostructures.'” %!

As an interesting example, our group developed reactive
transformable drug delivering vehicles for PDT tumour therapy,
termed as tumour microenvironment-adaptable self-assembly
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Fig. 5 (A) Schematic illustration of the tumour microenvironment-adaptable self-assembly (TMAS) of pentapeptide AmpF and its co-assembly with

Ce6-modified AmpF (AmpF-C) into the nanomedicine TMAS, in which AmpF underwent a reversible morphological transition between nanofibers and
nanoparticles due to the acid-sensitive cis/trans-isomerization of Amp amide bonds. (B) *H NMR spectra of the peptides PF (left) and AmpF (right) under
various pH conditions. (C) AFM images of the assemblies formed by AmpF at pH 7.4 (left) and 6.5 (right). (D) Quantification of intracellular ROS generation
upon the laser irradiation of TMAS and TMRS by 4T1 cells with time. (E) /n vivo fluorescence imaging of 4T1 breast tumour-bearing mice administrated
with TMAS, TMRS (formed by PF and its PF-C derivative), and Ce6. (F) Relative tumour volume change in tumour-bearing mice upon different treatments.
Reproduced with permission from ref. 142. Copyright 2019, American Chemical Society.
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(TMAS), based on the reversible acid-responsive self-assembly adaptable morphology of TMAS, accompanied by improved
of the pentapeptide AmpF (Fig. 5)."*> While AmpF contains a ROS generation. These results demonstrate the great potential
central 4-aminoproline (Amp) residue and two diphenylalanine = of TMAS for efficient drug delivery to tumour sites for cancer
fragments on each termini, TMAS is composed of AmpF and its  therapy.

derivative (AmpF-C) modified with the photosensitizer Ce6.
The Xaa-Amp amide bond in AmpF adopts a cis- or trans-
conformation under neutral and acidic conditions, respectively, Despite being one of most conventional disease-treatment
thus resulting in the pH-dependent self-assembly of AmpF into  methods, chemotherapy suffers from drug resistance and adverse
superhelices and nanoparticles. Analogous to AmpF, TMAS effect arising from off-target activity.'*>*® Self-assembling
exhibited a similar reversible morphological transformation peptide-based biomedical materials in living cells represents
between superhelices and nanoparticles triggered by alternat- one promising approach to address these challenges.'*”**!
ing exposure to neutral and acidic environments. This unique Due to the capability of peptide nanostructures, including
pH-responsive property renders the morphology of TMAS nanoparticles, nanofibers, and nanofibrous networks, to
adaptable to the pH gradient during delivery pathway and interfere in physiological processes, stimulus-activatable pep-
can eventually improve the accumulation of photosensitizers tide assemblies have been directly utilized as therapeutic
in cancer cells. Both cellular and animal experiments con- agents."””>"*” Xu’s group and other colleagues performed pio-
firmed the enhanced cellular internalization, tumour accumu- neering work on rationally controlling the pericellular or intra-
lation, penetration, and retention of photosensitizers due to the  cellular self-assembly of peptides.'>*°°

4.2. Chemotherapy
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Fig. 6 NQOL1l-activated self-amplifying assembly of peptides in macrophages. (A) Self-amplifying assembly of peptide AmpFQB due to the amplified
relationship between peptide assembly and enzyme expression, and its application as a delivery vehicle for dexamethasone (DEX) for improving
inflammatory therapy. (B) CD spectra of DEX@QAMpFQ before after QPA reduction. (C) MST studies on the free peptide ETGE, AmpFQB, and AmpFB with
the protein Keapl. (D) Bio-TEM images of stimulated macrophages incubated with AmpFQ (left) and AmpFQB (right). (E) WB assays of the expression of
Nrf2, NQO1, and HO-1 in macrophages treated with AmpFQB and other groups. (F) CLSM images of stimulated macrophages incubated with various
treatment stained with DCFH-DA. Scale bar: 10 um. (G) Quantitative fluorescence intensity associated with DCFH-DA in the treated macrophages.
(H) H&E-stained images of lung tissues dissected from injured mice with various treatments. Scale bar: 40 um. Reproduced with permission from ref. 161.
Copyright 2022, American Chemical Society.
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Dexamethasone (Dex) is a chemical agent commonly used
for cancer therapy. Here, we used intracellular peptide materials in
combination with Dex for inflammation treatment, broadening
the chemotherapy scope for disease treatment. Recently, our
group reported the development of an stimulus-activated self-
amplifying assembling system, AmpFQB, for inflammation
therapy based on the robust relationship between the self-
assembly of AmpFQB and the expression of the enzyme
NAD(P)H quinone dehydrogenase 1 (NQO1) (Fig. 6).'°'
AmpFQB consists of quinone propionate (QPA)-modified
pentapeptide AmpF (AmpFQ) and its derivative AmpFQ-
ETGE, which contains an ETGE domain. NQO1 is a critical
cytosolic reductase mediating redox homeostasis in cells,
which is regulated by protein nuclear factor erythroid-
related factor 2 (Nrf2)."°*'®* Containing the ETGE sequence,
which was derived from Nrf2, AmpFQB coassemblies com-
pete with Nrf2-Keapl complexes and release Nrf2, thereby
promoting NQO1 expression.'®* While the modification of
AmpFQ with QPA supports its NQO1 responsive conversion
to AmpF, the ETGE sequence derived from the Nrf2 domain

View Article Online
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enables binding with the Keapl receptor and the release
of Nrf2 from Keapl-Nrf2 complexes. The liberated Nrf2
increases the level of NQO1 and thus conversely contributes
to the transition from AmpFQB nanoparticles to AmpFB
nanofibers. Microscale thermophoresis (MST) revealed a
four-fold affinity of AmpFB nanofibers to Keapl compared
to AmpFQB nanoparticles or ETGE. Combining the results
from the WB assay of the intracellular protein levels and bio-
TEM images of macrophages treated with AmpFQB, the
amplifying relationship between the reactive assembly of
AmpFQB into nanofibers and the expression of enzyme
NQO1. AmpFQB could be utilized to deliver the drug dexa-
methasone (DEX) to treat acute injured lungs, leading to the
nanomedicine DEX@AmpFQB. Both in vitro and in vivo stu-
dies confirmed the capability of DEX@AmpFQB to enhance
the anti-inflammatory efficacy of DEX via alleviating ROS-
associated side effects and downregulating the proinflamma-
tory cytokines. The self-amplifying assembly of peptides in
living cells with a regular enzyme level provides a unique
strategy for the responsive creation of theranostic agents.
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Fig. 7 Enzyme-catalyzed polymerization of tripeptide DFY for cancer immunotherapy. (A) Schematic illustration of the underlying mechanism for the
tyrosinase-induced reactive polymerization of DFY and integration with antigens to form nanofibers. (B) Concentration profiles for tyrosine, cysteine,
cysteinylcatechol, and proteins in the polymerizing solution of DFY and tumour lysate. (C) In vitro efficacy of antigen-loaded pDFY in promoting DC
maturation. (D) In vivo effect of antigen-loaded pDFY in immunological activation. (E) Tumour volume of B16 tumour-bearing mice from different treated
groups. (F) Comparison of therapeutic efficacy between injected DFY and DFY-loaded transdermal hydrogels. Reproduced with permission from ref. 173.

Copyright 2021, American Chemical Society.
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4.3. Immunotherapy

Immunotherapy is considered one of the most promising
tumour-treatment strategies due to its advanced curative effi-
cacy for both local and remote tumour tissues via eliciting host
systemic immune responses.'®*™*®” Combining the advantages
of responsive assembled peptides for targeting delivery with
immunotherapy, peptide-based cancer immunotherapy repre-
168-172 Zhang’s
group designed a tumour protein-engineering system based
on the tyrosinase-catalysed polymerization of tripeptide DFY
into quinone-rich microfibrils and a reactive collection of
immunogenic tumour proteins via a Michael addition between
quinone and cysteine (Fig. 7).'”® The resulting tumour-protein-
captured microfibrils delivered proteins to antigen-presenting
cells, which eventually boosted the immune response.
Decreases in the levels of tyrosine residues and cysteine resi-
dues, as well as an increase in the content of cysteinylcatechol
groups, indicated the oxidative polymerization of tyrosine
residues and the addition between quinone with protein sulf-
hydryl groups. In comparison to the lysate from untreated
tumour cells, lysate protein-cross-linked pDFY (lysate@pDFY)

sents one of main topics in disease therapy.
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while tumour-bearing mice subjected to the lysate@pDFY
treatment demonstrated a 2.8-fold increase in the maturation
of DCs. The co-administration of B16 tumour-bearing mice
with DFY and anti-PD1 antibody suppressed tumour growth
by 91% compared to monotherapy alone in other treatment
groups. Furthermore, a transdermal delivery system incorpor-
ating DFY exhibited comparable therapeutic efficacy to that
achieved by peritumoural DFY injection. This reactive polymer-
ization of peptides and selective capture of tumour-specific
proteins could overcome the systemic inhibition of antigen
presentation, providing a promising avenue for modulating the
immune system during cancer therapy.

4.4. Combination therapy

Given the inherent limited therapeutic efficacy and the side
effects of individual treating modalities, treating diseases via a
combination of different pharmaceutical agents may achieve
synergistic therapeutic efficacy while minimizing undesirable
adverse effects.”’*'”® Some examples of such combination
therapies include unitary combinations from individual thera-
peutic modality, binary combinations of phototherapy, chemo-
therapy, radiotherapy, and immunotherapy, as well as ternary

treatment resulted in a 2.3-fold increase in DC maturation, or even more combinations.'”® 82
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Oxidation-regulated transformation of peptide nanomedicines. (A) Graphic illustration of the mechanism for the creation of the oxidation-

regulated reactive transformable peptide nanomedicine DPEIM and its facilitated tumour penetration and cascade combinatorial cancer therapy. (B) AFM
images of DPEIM before (left) and after (right) methionine oxidation. (C) Cellular apoptosis studies of 4T1 cells induced with different treatments
estimated by flow cytometric analysis. (D) CLSM images of the transverse sections of the tumour tissues from mice administrated with free Ce6 or DPEIM
in the presence of laser irradiation. Scale bar: 250 um. (E) Quantitative fluorescence intensity of ex vivo signals at tumour sites or major organs from mice
administrated with free Ce6, PEIM, and DPEIM. (F) Growth profiles for the tumour tissues of mice administrated with different treatments with or without
laser irradiation. Reproduced with permission from ref. 183. Copyright 2021, Elsevier.
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In terms of binary combination therapy, our group reported
an reactive morphological transformation of the peptide scaf-
fold DPEIM for implementing photodynamic and chemodrug
combination cancer therapy (Fig. 8).'®® The oxidation-responsive
peptide scaffold DPEIM was created via the co-assembly of
hexapeptide EIMIME with its derivatives Ce6-EIM and CPT-EIM,
which were functionalized with the photosensitizer Ce6 and drug
CPT, respectively. EIMIME contained two methionine residues, in
which the hydrophobic thioether was quantitatively converted to
hydrophilic sulfoxide groups upon the addition of H,0,, and
thereby promoting nanofibrillar-to-nanoparticle morphological
transition for the peptide assemblies. While the GSH-cleavage of
disulfide bonds led to the release of the carried drug CPT, the
generation of ROS by Ce6 under laser irradiation resulted in an
oxidation of methionine residues and also implemented photo-
dynamic cancer therapy. Treating cancer cells by DPEIM led to a
higher apoptosis rate compared to individual treatments. In vivo
experiments indicated that the laser irradiation-induced morpho-
logical transformation of DPEIM improved its tumour accumula-
tion and penetration into the tumour tissue, thereby significantly
inhibiting the growth of tumour tissues. Both in vitro and in vivo
studies demonstrated the effectiveness of cascade combinatorial
photodynamic therapy and chemotherapy arising from CPT and
Ce6 moieties within DPEIM.

5. Conclusions and outlook

In this review, we summarized the progress in the stimulus-
responsive self-assembly of peptides into biomedical agents in
living cells that have been achieved during the past decades.
After a brief introduction to the research background, we
discussed the design principles of stimulus-responsive peptide
materials. We highlighted the achievements of stimulus-
responsive peptide biomaterials for implementing disease diag-
nosis and therapy, providing several examples reported recently
to demonstrate their great potential towards precise and real-
time healthcare.

Due to the remarkable biocompatibility and robust controll-
able assembling propensity of peptides, the stimulus-responsive
self-assembly of peptides in living cells presents a versatile
strategy for the controllable formulation of biomaterials at the
target site. A simultaneous incorporation of bioactive moieties
into peptides usually leads to responsive-formed biomaterials
for implementing healthcare objectives.***®* The bioactivity of
the resulting stimulus-reactive biomaterials not only depends
on the incorporated functional moieties, but is also associated
with the organization and dynamic natures of the peptide
assemblies.’®* %7 In addition, the accumulation and retention
of the bioactive moieties at targeting sites could be optimized
by the stimulus-responsive assembly processes of peptides.

In terms of peptide assembly-based biomedical materials,
the gap between the few number of stimulus-responsive
peptide assembling strategies and the complex biological con-
ditions significantly limits their biomedical applications.
Hence, the development of stimulus-responsive self-assembling

This journal is © The Royal Society of Chemistry 2024
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systems is critical for its applications in different fields. In this
context, our group intensively engaged in developing noncano-
nical amino acids containing stimulus-responsive moieties
through organic synthesis.'®® The rational incorporation of these
amino acids into peptides allows for establishing stimulus-
responsive assembling systems for the formulation of peptide-
based materials in living cells or the body. In addition, exploiting
new enzymes as internal stimulus sources for regulating peptide
assembly is another direction to expand researchers and
designers toolkits.** This strongly depends on understanding
the pathological mechanism, which reveals the biological path-
ways and involved enzymes corresponding to abnormal physio-
logical behaviour. The finding of new stimulus sources usually
exponentially increases the stimulus-responsive units for regu-
lating peptide assembly. Simultaneously, the development of
in situ characterizing approaches also facilitates a direct under-
standing of the assembly process in living systems, which thus
far suffers from a lack of appropriate approaches to confirm the
assembling process compared to solution conditions.

Despite the achieved progress in stimulus-responsive bio-
materials, including peptide assembly-based systems, several
critical concerns remain to be addressed with respect to the
development of reactive synthetic approaches, the understand-
ing of the underlying mechanism as well as the need for
preclinical studies to pave the way towards their clinical usage.
Thus far, the approaches available for obtaining stimulus-
responsive materials are confined to a few number of versatile
methods that are broadly utilized under solution conditions.
The utilization of solution methods in responsive biomedical
materials studies has been significantly hindered by the limited
accessibility of the internal biological structures and signals
or the low biocompatibility of the conditions. For instance,
mass spectroscopy and scattering techniques could potentially
facilitate elucidating the biological structures from the mole-
cular and microscopic levels, respectively.*®**°* The stimulus-
responsive formulation of biomaterials in living environments
might benefit from the development of synthetic approaches
involving novel physical phenomena. For example, liquid dro-
plet formation in living cells based on liquid-liquid phase
transition provides a new approach for the responsive formula-
tion of biomaterials at targeting sites."*>'°® In addition, due to
the versatility of machine learning in scanning functional
monomers, designing reactive biomaterials based on machine
learning is a potentially powerful method to enrich experi-
mental findings."?”"®
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