7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

In situ peptide assemblies for bacterial infection

{ '.) Check for updates ‘
imaging and treatment

Cite this: Nanoscale, 2024, 16, 3211

Yanyan Zhou,*° Lingling Xu,+€ Xianbao Sun,® Wenjun Zhan*° and Gaolin Liang {2 *¢

Bacterial infections, especially antibiotic-resistant ones, remain a major threat to human health. Advances
in nanotechnology have led to the development of numerous antimicrobial nanomaterials. Among them,
in situ peptide assemblies, formed by biomarker-triggered self-assembly of peptide-based building
blocks, have received increasing attention due to their unique merits of good spatiotemporal controllabil-
ity and excellent disease accumulation and retention. In recent years, a variety of “turn on” imaging
probes and activatable antibacterial agents based on in situ peptide assemblies have been developed, pro-
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viding promising alternatives for the treatment and diagnosis of bacterial infections. In this review, we
introduce representative design strategies for in situ peptide assemblies and highlight the bacterial infec-
tion imaging and treatment applications of these supramolecular materials. Besides, current challenges in
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1. Introduction

Bacterial infection is the second leading cause of death world-
wide and continues to threaten public health." At present, anti-
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biotic therapy remains the preferred first-line treatment option
for bacterial infection patients. Unfortunately, treatment
failure and relapse are increasingly common due to the emer-
gence of notorious antibiotic resistance.”™* Twelve species of
bacteria, including Enterococcus faecium, Staphylococcus aureus
(S. aureus), Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter (i.e., ESKAPE patho-
gens), are listed as pathogens of particular concern by the
World Health Organization.>® To address the problem of resis-
tance, high dose and frequent use of antibiotics are often
required, which may in turn cause serious side effects.”
Additionally, the number of antibiotic classes in the clinical
pipeline is limited.® Thus, new antibacterial agents or regi-
mens are in urgent demand.’**
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The rapid development of nanomaterials offers promising
alternatives for antimicrobial therapy.'®'” To date, numerous
nanoantimicrobial agents have been developed, including
metal nanoparticles,'®?® carbon-based nanomaterials,*"**
nanosized polymers,*>** upconverting nanoclusters,”” hybrid
nanomaterials,>**” and peptide assemblies.”®** Among them,
peptide assemblies have attracted increasing attention due to
their flexible design, easy synthesis, good biocompatibility,
and excellent biodegradability.>*** In general, peptide assem-
blies refer to highly ordered nanostructures (e.g:, nano-
particles, nanofibers, nanotubes, etc.) formed by the molecular
self-assembly of peptide-based building blocks.***° Currently
available peptide building blocks include aromatic peptides,
lipopeptides, polypeptides, etc.**™*® Traditional antimicrobial
peptide assemblies are generally formed in vitro (i.e., ex situ
peptide assemblies). Recently, by rationally designing peptide
precursors that respond to endogenous stimuli in a bacterial
infection microenvironment (e.g., pH, enzymes, and gluta-
thione (GSH)), an “in vivo self-assembly” strategy was proposed
for constructing peptide assemblies in situ.**™*° Compared
with ex situ peptide assemblies, these in situ assemblies
exhibit improved spatiotemporal controllability, as well as
enhanced disease accumulation and retention.’® Therefore,
excellent bacterial infection imaging and therapeutic out-
comes can be easily achieved by covalently or physically intro-
ducing  imaging  probes/therapeutics into  peptide
precursors.’>>*> Remarkably, these in situ formed supramolecu-
lar materials can also interact with bacterial membranes or
other cellular components, thereby conferring additional anti-
bacterial activity on the assemblies. Taking advantage of these
unique merits, we and other groups have explored antibacter-
ial applications of in situ peptide assemblies. These advances
urgently warrant a review on the progress made and the chal-
lenges ahead. Herein, in this review, we summarize the recent
progress in in situ antibacterial peptide assemblies. First,
molecular design strategies of peptide precursors (or mono-
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mers) are briefly introduced. Then, an overview of in situ
peptide assemblies in bacterial infection imaging and treat-
ment applications is provided. Finally, challenges and future
directions in this field are discussed.

2. Molecular design principle

To achieve programmable and spatiotemporal control of
in situ assemblies, great efforts have been devoted to the
molecular design of peptide precursors (or monomers). By
exploiting valuable stimuli in a Dbacterial infection
microenvironment®** (e.g., pH, GSH, reactive oxygen species
(ROS), enzymes, etc.), several strategies have been developed.
Generally, in situ self-assembly strategies can be classified
into four categories: cleavage-induced self-assembly, reaction-
induced self-assembly, protonation/deprotonation-induced
self-assembly, and target-induced self-assembly (Fig. 1).
Cleavage-induced self-assembly is the most common type, in
which peptide precursors directly transform into self-assem-
bling monomers after enzymatic or chemical removal of a
hydrophilic motif (Fig. 1a).>> As for the reaction-induced self-
assembly type, precursors undergo stimulus (or stimuli)-trig-
gered chemical reactions (e.g., condensation and polymeriz-
ation) to yield their active monomers (Fig. 1b).>® In contrast,
peptide precursors in the protonation/deprotonation-induced
self-assembly type do not undergo chemical bond cleavage or
reaction to convert into self-assembling monomers, but
instead rely on pH-triggered protonation or deprotonation
(Fig. 1¢).”” While all of the three types above undergo stimu-
lus-triggered conversion of precursors to monomers, the
target-induced self-assembly type directly uses peptide mono-
mers, whose in situ self-assembly is initiated by targeted
accumulation in bacterial membranes or specific organelles
(Fig. 1d).”®
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3. In situ peptide assemblies for
bacterial infection imaging

At present, clinical bacterial infection detection methods
mainly include microbiological and biochemical analyses of
blood, sputum, urine, stool, cerebrospinal fluid and other
samples from patients.’®®® However, these in vitro methods
are often time-consuming and lack spatiotemporal
accuracy.’™®> To this end, developing molecular imaging
probes for in vivo detection of bacterial infections is in
urgent demand.®® To date, different imaging modalities,
including fluorescence (FL) imaging, photoacoustic (PA)
imaging, and magnetic resonance (MR) imaging, have been
developed by utilizing the concept of in situ peptide self-
assembly. In this section, we focused on the application of
in situ peptide assemblies in bacterial infection imaging in
recent years.

3.1. Fluorescence imaging

FL imaging is considered as one of the most promising tech-
niques for in vivo bacterial infection imaging due to its
unique merits of superb sensitivity, high temporal resolution,
fast-feedback, and non-ionizing radiation.®® By conjugating
organic small molecule dyes to self-assembling peptides, it is
convenient to design fluorescent peptide probes with in situ
self-assembly characteristics for bacterial infection imaging
in vivo. As a typical example, Liu and co-workers synthesized
a fluorescent peptide probe Rho-FF-Van consisting of a fluo-
rescent dye rhodamine (Rho), a self-assembling dipeptide
Phe-Phe (FF), and a Gram-positive bacteria targeting ligand
vancomycin (Van).®*® Via the ligand-receptor interaction
between Van and the p-Ala-p-Ala moiety in bacterial cell
walls, Rho-FF-Van could specifically target Gram-positive bac-
teria (e.g. methicillin-resistant staphylococcus aureus (MRSA))
and further self-assembled into nanoaggregates on the bac-
terial membrane. Through the target-induced self-assembly
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process described above, the conjugated imaging motif Rho
enriched at the infection site, leading to a significant
increase in FL signal. Importantly, Rho-FF-Van could further
be radiolabeled with iodine-125, enabling FL/nuclear-dual
modal imaging in a mouse MRSA-pneumonia model.
Nevertheless, traditional luminogens may suffer from the
aggregation-caused quenching (ACQ) effect in the aggregate
state, which may affect the imaging quality of this fluo-
rescent peptide probe.

To address the above issues, FL probes with a “turn-on”
feature were developed by covalently attaching aggregation-
induced emission luminogens (AlEgens)®®®” to biomarker-
responsive peptides. For example, Liu et al. reported an
AlEgen-peptide conjugate, PyTPE-CRP, for imaging intracellu-
lar bacterial infection in vivo.°® The rationally designed
peptide probe PyTPE-CRP contains a caspase-1-cleavable
peptide NEAYVHDAP and an AlEgen PyTPE (Fig. 2a). After
PyTPE-CRP was cleaved by caspase-1 (an upregulated enzyme
during intracellular bacterial infection), its resultant residues
self-assembled into nanoparticles in situ, thereby efficiently
turning on the FL signal (Fig. 2b and c). The ability of PyTPE-
CRP to detect intracellular bacteria in vivo was further verified
using a mouse subcutaneous infection model. Specifically,
S. aureus-infected Raw 264.7 cells or normal Raw 264.7 cells
were subcutaneously injected into the mouse right flank, fol-
lowed by intravenous injection of PyTPE-CRP. While mice
treated with Raw 264.7 cells (control group) showed a negli-
gible FL signal, mice treated with S. aureus-infected Raw 264.7
cells exhibited a bright FL signal at the infection site (Fig. 2d).
Similarly, by conjugating AIEgens to self-assembling phospho-
peptides, Yang and co-workers developed a series of peptide
probes with in situ self-assembly properties for imaging ALP
activity in living Escherichia coli (E. coli) cells.®®”° Interestingly,
the ALP detection ability of AIEgen-peptide conjugate probes
could be well regulated by controlling the number of ALP-
responsive sites (i.e., phosphotyrosine) and self-assembling
units (i.e., phenylalanine), as well as the distance between the
AlEgen and self-assembling phosphopeptide. The in vivo FL
imaging performance of the above probes can be further
enhanced by incorporating bacterial targeting ligands into the
probe design.

3.2. Photoacoustic imaging

Newly emerging PA imaging has received increasing attention
for accurate disease diagnosis because of its high spatial
resolution, real-time visualization, and considerable tissue
penetration.”’””® To date, various well-established contrast
agents, including inorganic materials,”* small organic mole-
cules” and semiconducting polymers’® have been developed
for PA imaging. However, these conventional contrast agents
may self-aggregate or interact nonspecifically with bio-
molecules, which greatly affects their imaging quality or bio-
safety in vivo. Fortunately, the in situ assembly strategy pro-
vides a straightforward solution to resolve the above problem.
In a typical study, Wang and co-workers synthesized a novel
peptide-based contrast agent Mannose-Tyr-Val-His-Asp-Cys-
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Fig. 1 (a) Representative example of cleavage-induced self-assembly. ALP removes a hydrophilic phosphate group from a phosphotripeptide pre-
cursor to trigger its in situ self-assembly. Reproduced with permission.>® Copyright 2007, Wiley-VCH GmbH. (b) Representative example of reaction-
induced self-assembly. GSH and caspase-1 initiate an intermolecular CBT-Cys condensation reaction between two Cip-CBT-Ada/CD-M precursors,
yielding a cyclic dimer monomer that further self-assembles to form nanoparticles. Reproduced with permission.>® Copyright 2023, Wiley-VCH
GmbH. (c) Representative example of protonation/deprotonation-induced self-assembly. Deprotonation of a pentapeptide precursor converts it into
an active monomer, which self-assembles into nanofibers. Reproduced with permission.>” Copyright 2022, American Chemical Society. (d)
Representative example of target-induced self-assembly. Ligand—receptor interaction guides the self-assembly of a bacterial targeting ligand-con-
taining peptide monomer. Reproduced with permission.>® Copyright 2023, American Chemical Society.

Lys-(Ala-P;5) (MPC), which consists of a macrophage-targeting
motif mannose, a pentapeptide Tyr-Val-His-Asp-Cys (YVHDC)
for caspase-1 tailoring, and an organic contrast agent purpurin
18 (Py3) (Fig. 3a).”” Upon coordination with Cu®*, MPC turned
into dimers in water and actively targeted S. aureus-infected
macrophages through specific recognition of membrane
mannose receptors. After uptake, the MPC dimer was sub-
jected to caspase-1 tailoring to yield PrC, which further self-
assembled into J-type aggregates inside infected macrophages
(Fig. 3b). Consequently, the contrast agent P4 accumulated at
the bacterial infection site due to the assembly-induced-reten-
tion (AIR) effect. Moreover, the self-assembly of PrxC could
additionally induce PA signal enhancement. By constructing a
mouse subcutaneous infection model, the authors further veri-
fied the ability of this MPC probe for enhanced PA imaging of
intracellular infection in vivo (Fig. 3c). Specifically, the PA
imaging signal of MPC at the infected site was 2.6-fold higher

3214 | Nanoscale, 2024, 16, 3211-3225

than that of the non-infected site (Fig. 3d). In a related work,
the authors reported another peptide-based PA imaging probe,
P18-YVHDC-TAT, for quantitative detection of caspase-1
activity in infected macrophages.”® In addition to caspase-1,
gelatinase overexpressed in a variety of bacteria (e.g., S. aureus,
Staphylococcus epidermidis, and Proteus vulgaris), has also been
reported as a valuable stimulus for designing enzyme-activata-
ble PA imaging probes.”” These works provide powerful and
noninvasive tools for real-time and quantitative analysis of
bacterial infection in vivo.

This in situ self-assembly strategy can also be utilized to
induce in situ aggregation of inorganic contrast agents to
achieve enhanced PA imaging. For instance, Wang and co-
workers designed a gold nanoparticle-peptide conjugate
AuNPs@P1 by covalently modifying a functional peptide
CLVFFAEDPLGVRGRVRSAPSSS (P1) on gold nanoparticles
(AuNPs, a typical inorganic PA contrast agent).?® The func-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Chemical structure of PyTPE—CRP. (b) Schematic of macro-
phage-mediated intracellular bacterial infection diagnosis and elimin-
ation. (c) TEM image of PyTPE-CRP after treatment with activated
caspase-1 enzyme. (d) In vivo fluorescence images of intracellular bac-
terium-bearing mice after intravenous (i.v.) injection of PyTPE—CRP. The
Raw 264.7 cell- and S. aureus infected Raw 264.7 cell-treated regions
are labeled with red dot circles. Reproduced with permission.®®
Copyright 2019, Wiley-VCH GmbH.

tional peptide P1 consists of three major parts: a self-assem-
bling scaffold CLVFFAED, a collagenase IV (an overexpressed
enzyme by S. aureus)responsive linker PLGVRG, and a
S. aureus-targeting ligand RVRSAPSSS. After administration,
AuNPs@P1 could specifically bind to the S. aureus mem-
brane at the infection site through an active targeting mecha-
nism. Then, overexpressed collagenase IV selectively tailed
conjugated P1 between G/V sites, triggering the self-assembly
of AuNPs in situ. According to the authors, the as-formed
aggregated AuNPs showed significant PA signal enhancement
because of their increased heat conversion efficiency, as well
as their enhanced retention and accumulation. By using this
in situ self-assembly strategy, it will also be feasible to
improve PA imaging efficiency of other types of contrast
agents (e.g., semiconducting polymers).

3.3. Magnetic resonance imaging

Although FL imaging and PA imaging are valuable for detect-
ing superficial bacterial infections, their application in diag-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

nosing deep bacterial infections is most unlikely. Alternatively,
MR imaging offers a powerful method to resolve the above-
mentioned problem due to its non-invasiveness, excellent soft
tissue contrast, unlimited tissue penetration, high spatial
resolution, and radiation-free features.** To achieve significant
tissue contrast in infectious sites, molecular MR imaging based
on different contrast agents was developed.®” In particular, it
has been reported that gadolinium (Gd)-based contrast agents
capable of forming self-assemblies in situ can achieve enhanced
MR imaging of pathological analytes.®* In 2021, Song and co-
workers developed a MR imaging probe GFV, which contains a
bacterial target ligand Van, a T; contrast agent Gd*", and a self-
assembling peptide FFYEGK.** On the one hand, the ligand Van
enabled the probe to target S. aureus at the infection site. On
the other hand, the self-assembling motif triggered the probe to
form nanoaggregates, leading to enhanced T;-weighted MR
imaging of S. aureus infection in vivo at a low magnetic field of
0.5 T. Recently, Qiao and co-workers proposed a precise MR
imaging-guided sonodynamic therapy based on smart polymer—
peptide-porphyrin conjugate-1 (PPPC-1) to treat deep bacterial
infection.®® PPPC-1 is rationally designed to contain four parts:
a hydrophobic polymer core bis-MPA polyester-64-hydroxyl, a
self-assembling peptide linked with hydrophilic poly(ethylene
glycol) (PEG) wvia a  gelatinase-cleavable  peptide
(CGGGKLVFFPLGVRG-PEG2000), a S. aureus-targeting peptide
CGGGTGRAKRRMQYNRR, and a manganese (Mn)-based con-
trast agent MnTCPP. PPPC-1 self-assembled in water to form
nanoparticles (i.e., PPPC-1 nanoparticles), which can actively
target S. aureus and then turn into nanofibers after gelatinase
cuts off the protecting PEG layers (Fig. 4a). The authors found
that PPPC-1 nanoparticles before and after gelatinase acti-
vation showed basically consistent Tj-weighted signals (left
column of Fig. 4b) and T,-weighted signals (left column of
Fig. 4c). In addition, linear relationships between the values
of the longitudinal relaxation rate (1/T;) or the transverse
relaxation rate (1/T,) and the Mn concentrations were observed
(right column of Fig. 4b and c). By calculating the slope of
the fitted linear curve, they found that PPPC-1 exhibited a
high relaxivity r; of 6.65 mM " s™' at 7 T (right column of
Fig. 4b). Interestingly, this T;-contrast agent-based PPPC-1 also
showed a high relaxivity r, of 138.96 mM ™' s™* (right column
of Fig. 4c). The above findings provided a basis for monitor-
ing the PPPC-1 concentration in vivo using T,-T, dual-modal
MR imaging. This assumption was validated in deep MRSA-
infected mice treated with PBS, MnTCPP, PPPC-2 (mor-
phology-unchanging control), and PPPC-1. As shown in
Fig. 4d, the PPPC-1 group showed the most obvious T; and T,
signals among the four groups. By using the formulas shown
in Fig. 4b and c, the concentrations of PPPC-1 and PPPC-2
could be accurately quantified by T; combined T, (Fig. 4e).
Therefore, precise MR imaging-guided sonodynamic therapy
can be achieved using this smart PPPC-1 contrast agent. By
utilizing other valuable stimuli in an infection microenvi-
ronment (e.g., matrix metallopeptidase-25¢ and acid microenvi-
ronment®”), more activatable MR imaging probes can be devel-
oped for precise bacterial infection imaging in vivo.

Nanoscale, 2024, 16, 3211-3225 | 3215
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Fig. 3 (a) Molecular component of the probe (MPC). (b) Schematic representation of macrophage chemotaxis-instructed S. aureus infection detec-
tion in vivo. (c) The in situ characterization of intracellular construction of assembled structures (yellow arrows) in infectious cells. The S. aureus (red
arrows) infected RAW 264.7 cells after treatment with MPC. The ultrathin sections of RAW 264.7 cells were stained by osmic acid and uranyl acetate
before TEM studies. (d) Schematic illustration of the mouse model (intramuscular injection of infected RAW 264.7 cells) and photoacoustic tomogra-
phy (PAT) detection. (e) PA signal intensity distribution of infected RAW 264.7 cells in vivo after MPC administration with a dose of 35 mg kg™*
though i.v. injection for 8 h. Reproduced with permission.”” Copyright 2018, American Chemical Society.
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PBS, MnTCPP, PPPC-2, and PPPC-1 for 3 days. (e) The calculated material concentration at the infection site. Reproduced with permission.®®
Copyright 2021, Elsevier Ltd.
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4. |In situ peptide assemblies for
bacterial infection treatment

Pioneered by the Xu®® and Ulijn®® groups, in situ peptide self-
assembly is envisaged to be a powerful method to control cell
behaviors. In 2007, Xu and co-workers first reported the use of
ALP to trigger the self-assembly and hydrogelation of synthetic
peptides inside E. coli to inhibit its growth.>® Since then,
various in situ peptide assemblies with different antibacterial
mechanisms has been developed, which will be discussed in
the following section.

4.1. Drug delivery

Antibiotics have saved countless human lives since penicillin
was first discovered in 1928. Nevertheless, their intrinsic limit-
ations, including low specificity, severe off-target toxicity, and
drug resistance, lead to increasing cases of treatment failure
and relapse. To resolve the abovementioned issues, various
antibiotic delivery strategies have been developed.’®®* One
promising strategy is to covalently attach antibiotics to in situ
self-assembling peptides, as the resulting antibiotic-peptide
conjugates display unique advantages of precise targeting, pro-
longed retention, and controlled antibiotic release at the infec-
tion sites.>® Recently, by rationally designing a ciprofloxacin-
peptide conjugate Cip-CBT-Ada, Liang and co-workers reported
a smart strategy of tandem guest-host-receptor recognition to
combat intracellular S. aureus infection. Specifically, Cip-
CBT-Ada consists of the following parts: (1) an antibiotic cipro-
floxacin; (2) a CBT motif; (3) a cysteine residue, whose thiol
and amino are protected by the StBu group (substrate for GSH
reduction) and Tyr-Val-Ala-Asp (substrate for Casp-1 cleavage),
respectively; (4) a guest motif adamantane (Ada) (Fig. 5a). Cip-
CBT-Ada could recognize p-cyclodextrin-heptamannoside
(CD-M) via host-guest interaction to form a supramolecule
Cip-CBT-Ada/CD-M. The formed Cip-CBT-Ada/CD-M could
specifically target macrophages through multivalent ligand-
receptor interaction between CD-M and mannose receptors on
the macrophage membrane. Under the action of GSH and
caspase-1, Cip-CBT-Ada/CD-M underwent a CBT-Cys conden-
sation reaction to yield a cyclic dimer Cip-dimer, which further
self-assembled into in situ ciprofloxacin nanoparticles.
Through this, an antibiotic depot was formed inside S. aureus-
infected macrophages, enabling long-term and sustained
release of ciprofloxacin. As a result, Cip-CBT-Ada/CD-M
showed enhanced S. aureus infection curing ability in a mouse
subcutaneous model, as evidenced by immunofluorescence
staining of pro-inflammatory cytokines (Fig. 5b) as well as
plate colony counting of residual bacteria in infected tissues
(Fig. 5¢). Taken together, this work illustrates an intelligent
manner to guide antibiotics to remove intracellular S. aureus
effectively. In addition to covalent grafting, drugs can also be
physically mixed with in situ self-assembling peptides to
achieve accurate delivery. For example, Roy and co-workers
developed a collagen-inspired peptide that spontaneously
formed spherical nanoparticles for the encapsulation of ferulic

This journal is © The Royal Society of Chemistry 2024
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acid.”” Under the activation of a basic chronic wound environ-
ment, the drug-loaded nanoparticles underwent deprotona-
tion-induced nanofiber transformation, accompanied by the
release of ferulic acid. Such structural transformation of the
peptide offers an efficient drug delivery strategy for treating
bacterial infection and other diseases.

In situ self-assembling peptides can also be used to deliver
non-antibiotic antibacterial agents. For instance, Liu et al
developed an AIEgen-peptide conjugate E-probe consisting of
an AlEgen, a self-assembling peptide backbone, and a bac-
terial targeting ligand Van.”> The Van motif can guide the
E-probe to specifically target the p-Ala-p-Ala sequence on
Gram-positive bacteria and trigger the formation of in situ
aggregates through target-instructed self-assembly. As such,
the probe turned the FL signal on and enhanced its ROS gene-
ration ability, thereby achieving efficient bacterial detection
and photodynamic therapy in a mouse myositis model. In
another recent work, Wan and co-workers used an acidic
microenvironment (pH 4.5-6.5) to induce the charge reversal
and self-aggregation of silver nanoparticles (Ag NPs) in bac-
terial biofilms.”* In detail, Ag NPs-peptide and Ag NPs-CBT
conjugates were prepared by grafting an undecapeptide NH,-
Lys-Arg,-Gly-His,-Cys-CM and CBT to small Ag NPs, respect-
ively. Under physiological conditions, the grafted undecapep-
tide could fold through intramolecular hydrogen bonding,
leaving its cysteine protected. After the Ag NPs—peptide conju-
gate reached the bacterial infection tissues with an acidic
microenvironment, its histidine imidazole groups became pro-
tonated, converting surface charge to positive to efficiently
target the negatively charged bacterial cell wall. In addition,
the Ag NP-peptide conjugate exposed its 1,2-thiol amino group
to initiate a CBT-Cys condensation reaction between the Ag
NPs-CBT conjugate, resulting in the in situ formation of clus-
tered Ag NPs. Consequently, enhanced accumulation and
retention of Ag NPs in biofilms were achieved, leading to
efficient bacterial biofilm disruption both in vitro and in vivo.
The above antibiotic-free in situ self-assemblies may provide
promising alternatives to overcome antibiotic resistance.®>°®

4.2. Bacterial membrane disruption

In situ self-assemblies can also directly kill bacteria through
rational design. A common strategy is to introduce positively
charged groups into a peptide precursor. In a typical work,
Qiao et al. reported a chitosan-peptide conjugate (CPC) com-
posed of a chitosan backbone, a gelatinase-responsive motif
GPLGVRGC, a hydrophilic PEG, and a positively charged
peptide sequence CGGGKLAKLAKKLAKLAK (KLAK).”” After its
PEG motif was tailored by overexpressed gelatinase at the
infectious site, the CPC underwent a nanoparticle-to-nanofiber
transformation in situ. Consequently, the formed nanofiber
assemblies exposed their positively charged KLAK motifs to
disrupt the negatively charged bacterial membrane through
multivalent cooperative electrostatic interactions. Importantly,
the above-mentioned in situ morphological transformation
process also significantly promoted the accumulation and
retention of CPC at bacterial infection sites, leading to
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IL-1p in infected tissues at day 3. (c) Representative photos and quantification of S. aureus colonies harvested from infected tissues at day 3.

Reproduced with permission.>® Copyright 2023, Wiley-VCH GmbH.

enhanced antibacterial efficacy in vivo. Similarly, the authors
used gelatinase to trigger a wound dressing to release a
peptide monomer containing a (KLAKLAK), sequence.’® The
released peptide monomer subsequently self-assembled into
fibrous nanostructures in situ, enabling efficient sterilization
in wound infections. In another recent work, Du et al. devel-
oped a peptide precursor WRWRWY consisting of three hydro-
phobic tryptophans (W), two arginines (R) with positively
charged side chains, and a tyrosine for tyrosinase (an over-
expressed enzyme in the human skin) oxidation.’® Upon tyrosi-
nase activation, WRWRWY self-assembled into in situ
MWRWRWY nanoparticles, whose surface exposed multivalent
positive charges to disrupt bacterial membranes. Furthermore,

3218 | Nanoscale, 2024, 16, 3211-3225

tyrosinase oxidation could generate melanin-like moieties in
the assemblies, thereby scavenging free radicals in infected
wounds. Such a synergistic effect could efficiently promote
wound healing. Other oxidases, like plasma amine oxidase
(PAO), were also reported to induce peptide precursors to form
in situ antimicrobial assemblies."%°

Besides enzymes, the acidic microenvironment can also
serve as a valuable stimulus to trigger the formation of posi-
tively charged assemblies at the infection sites. For example,
Qin and co-workers constructed a charge-reversible lipopeptide
C16-A3K,(DMA)-CONH,, in which e-amino groups of lysine
were protected by negatively charged dimethylmaleic amide
(DMA)."" C,6-A;K4(DMA)-CONH, formed a nanosphere struc-
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ture under physiological conditions. After the C,4-A;K4(DMA)-
CONH, nanoparticles reached the acidic microbial infection
site, their e-amino groups were deprotected, exposing the posi-
tively charged -NH;". Meanwhile, the C;4-A3K,(DMA)-CONH,
nanoparticles transformed into C;-A3;K,-CONH, nanorods,
which facilitated their binding with bacterial membranes.
Through this, the antibacterial activity of the lipopeptide was
efficiently switched on. Recently, Ma and co-workers developed
a chimeric peptide containing a self-assembling motif C,,4
alkyl chain, a pH-responsive and p-sheet domain (HHHF),, a
hydrophilic PEG sequence, and a P aeruginosa-targeting
ligand QRKLAAKLT.'®> Remarkably, the acidic environment
led to the protonation of histidine residues, triggering the
nanofiber-to-nanofiber transformation of the chimeric
peptide. As a result, the chimeric peptide reduced its size to
efficiently penetrate bacterial biofilms, as well as turned on its
positive charge to kill drug-resistant P. aeruginosa. Apart from
the acidic microenvironment, the negatively charged lipid
membrane also emerged as a potential trigger for the gene-
ration of in situ assemblies that disrupt bacterial
membranes.'”?
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Hydrogels are considered as promising candidates for
wound healing treatments due to their extracellular matrix-
mimicking feature.'®*"'°® Taking this into consideration, Liang
and co-workers developed Nap-FYp-Ada, an adamantane-
peptide conjugate precursor that enzymatically self-assembled
into in situ nanofibers and hydrogels to kill S. aureus.'®”
Specifically, Nap-FYp-Ada comprised a self-assembling peptide
motif Nap-Phe-Phe (Nap-FF), a phosphatase substrate phos-
photyrosine (Yp), and an Ada group (Fig. 6a). Under ALP clea-
vage, Nap-FYp-Ada evolved into the monomer form Nap-
FY-Ada, which self-assembled into Nap-FY-Ada nanofibers on
cytoplasmic lipids of S. aureus and subsequently caused bac-
terial membrane disruption (Fig. 6a). An in vitro experiment
showed that a transparent and stable hydrogel formed after
adding ALP to Nap-FYp-Ada solution (Fig. 6b). While Nap-FYp-
Ada exhibited a wound healing rate of over 90% on day 7, its
non-self-assembling control (i.e., Nap-AYp-Ada) and adaman-
tane-blocking control (i.e., Nap-FYp-Ada/CD) showed much
weaker ability to promote wound healing (Fig. 6¢). In addition,
Nap-FYp-Ada killed S. aureus cells at wound sites efficiently
(>95%) (Fig. 6d). Different from cationic peptide precursors,
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Fig. 6 (a) Top: chemical structure of Nap-FYp-Ada and the schematic of its enzymatic transformation. Bottom: cartoon illustration of the anti-
microbial mechanism of Nap-FYp-Ada via in situ enzymatic self-assembly. (b) Photographs of 0.5 wt% Nap-FYp-Ada before and after incubation
with 20 U mL™* ALP at 37 °C for 18 h. (c) Representative photographs of the S. aureus-infected mice taken at day 0, 1, 3, 5, and 7 after different treat-

ments. (d) Representative photographs of S. aureus cultures on LB—agar plates from infected-tissues at day 7 and the corresponding statistics of
S. aureus colonies. Reproduced with permission.'%” Copyright 2023, Wiley-VCH GmbH.
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this adamantane-peptide precursor relies on an adamantane
motif (rather than positively charged groups) to interact with
bacterial cells, thus providing an alternative strategy for the
design of antimicrobial peptides.

4.3. Bacteria trapping

When encountering invading bacteria, some endogenous anti-
microbial peptides (e.g., human defensin-6 (HD6)) do not kill
them directly, but self-assemble to form entangled fibrous net-
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mimetic point of view, it is thus of considerable interest to
develop in situ peptide assemblies with the bacteria trapping
capability. In a representative study, Wang and co-workers
reported an HD-6 mimic peptide (HDMP) that efficiently recog-
nizes and captures bacteria in vivo."®® The HDMP bis-pyrene-
KLVFF-RLYLRIGRR is rationally designed to contain three
components: (1) a particulate unit bis-pyrene; (2) a self-assem-
bling unit KLVFF that derived from p-amyloid; (3) a recognition
unit RLYLRIGRR, which serves as a ligand to bind with lipotei-

works to trap them and prevent their invasion.'®® From a bio- choic acid (LTA) of Gram-positive bacteria (Fig. 7a). HDMP first
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Fig. 7 (a) Molecular structure of HDMP and schematic illustration of HDMP assembly into NPs, transforming into nanorods and nanofibers (NFs)

upon the incubation of lipoteichoic acid (LTA). (b) In vivo fluorescence images of leg muscle inoculated with 108 CFU bacteria (right) and PBS (left),
followed by HDMP NP intravenous administration. (c) The TEM images of muscle tissue slices inoculated with S. aureus and treated with HDMP,
showing transformed HDMP NFs on bacterial surfaces. (d) Images of S. aureus inoculated in the right leg muscles in mice in the presence and
absence of HDMP NPs. (e) The representative hematoxylin and eosin (H&E) staining images of the leg muscle tissue of mice, indicating that the
HDMP NP-treated S. aureus did not induce the bacterial infection. (f) Survival curve of the bacteremia mice infected by methicillin-resistant
S. aureus (MRSA) treated with HDMP NPs, compared with vancomycin. Reproduced with permission.'%® Copyright 2020, American Association for
the Advancement of Science.
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self-assembled into nanoparticles (HDMP NPs) in water. After
specific binding to LTA of Gram-positive bacteria (e.g,
S. aureus) through ligand-receptor interaction, HDMP NPs
could transform into in situ nanofibers (HDMP NFs) with a
B-sheet secondary structure (Fig. 7a). To verify the bacteria
trapping of HDMP in vivo, the authors constructed a mouse
muscle infection model. Specifically, the leg muscles of each
mouse were inoculated with PBS (left) and 10® CFU S. aureus
(right), respectively, followed by intravenous injection of
HDMP NPs. As expected, only the right leg muscle (i.e., the
bacteria infection site) showed a bright pyrene FL signal,
suggesting that HDMP NPs could target S. aureus in vivo
(Fig. 7b). Meanwhile, obvious fibrous networks were observed
around S. aureus surfaces in infection tissues, indicating that
HDMP NPs underwent ligand-receptor-triggered morphologi-
cal transformation in vivo (Fig. 7c). Next, the authors assessed
the antibacterial activity of HDMP NPs in vivo using a mouse
abscess model. As shown in Fig. 7d, while all mice in the “S.
aureus + HDMP NPs” group showed no obvious infection,
three out of six mice in the “S. aureus” group exhibited appar-
ent abscess infection. Furthermore, hematoxylin and eosin
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(H&E) staining revealed a significantly reduced number of
inflammatory cells in the leg muscle tissue of the “S. aureus +
HDMP NPs” group, confirming that HDMP NPs could effec-
tively suppress S. aureus invasion in vivo (Fig. 7e). Additionally,
they validated the effectiveness of HDMP NPs in the treatment
of MRSA bacteremia, as evidenced by the improved survival of
bacteremic mice received HDMP NP treatment (Fig. 7f). In
another related study, Shi and co-workers synthesized a
peptide N-K10 by conjugating a clumping factor B (CIfB, a
receptor protein expressed on the S. aureus cell wall)-targeting
ligand SSGGGSSGGGH to the self-assembling motif Nap-FF via
a diglycine linker.’® According to the authors, N-K10 could
specifically recognize ClfB-rich bacteria (i.e., S. aureus and
MRSA) and further self-assemble into nanofibers to trap the
bacteria. As such, the invasion ability of CIfB-rich bacteria was
efficiently inhibited. These works provide a novel “trap but not
kill” strategy for the design of antimicrobial agents.

Besides target-induced self-assembly, other in situ self-
assembly strategies were also reported to design bacterium
trapping peptides. In a recent work, Gao and co-workers
exploited upregulated ROS to induce the formation in situ

Table 1 Summary of in situ peptide assemblies for bacterial infection imaging and treatment applications

Peptide sequence Stimulus Assembly Application Ref
Rho-FFYEGK(Van) p-Ala-p-Ala Nanoaggregate FL 65
NEAYNEAP-PyTPE Caspase-1 Nanoparticle FL 68
TPEPy-"FPFpY EGPK ALP Nanofiber FL 69
TPE-fffpYpYEEE ALP Nanoparticle FL 70
Mannose-YVHDCK(AP18) Caspase-1 Nanofiber PA 77
P18-YVHDC-TAT Caspase-1 Nanoaggregate PA 78
Ppa-PLGVRG-Van Gelatinase Nanofiber PA 79
AuNPs@CLVFFAEDPLGVRGRVRSAPSSS Collagenase IV Aggregated AuNPs PA 80
Gd-FFYEGK-Van p-Ala-p-Ala Nanoparticle MRI 84
Polymer-CGGG-KLVFFPLGVRG-PEG/TGRAKRRMQYNRR/ Gelatinase Nanoparticle MRI 85
MnTCPP
Ada-GYVADC(StBu)K(Cip)-CBT GSH, Caspase-1 Nanoparticle Drug delivery 56
NapFFGKO pH Nanoparticle-to- Drug delivery 57
nanofiber
TPE-"FPFPYPEGPK(Van) p-Ala-p-Ala Nanoaggregate Drug delivery 93
Ag NPs-KR,GH,C(CM), Ag NPs-CBT pH Aggregated Ag NPs Drug delivery 94
Chitosan-GPLGVRGCPEG/CGGGKLAKLAKKLAKLAK Gelatinase Nanoparticle-to- Membrane 97
nanofiber disruption
SF-GAGAGSGPLGVRGLVFF(KLAKLAK), Gelatinase Nanofiber Membrane 98
disruption
WRWRWY Tyrosinase Nanoparticle Membrane 99
disruption
Ac-VVVVVVKKK PAO Nanoparticle-to- Membrane 100
nanofiber disruption
C16-A3K4(DMA)-CONH, pH Nanoparticle-to-nanorod Membrane 101
disruption
Cy4-(HHHF),-K(PEGg)-QRKLAAKLT pH Nanofiber-to-nanofiber =~ Membrane 102
disruption
KRRFFRRK Bacterial membrane Nanofiber Membrane 103
disruption
NapFFK(Ada)Yp ALP Nanofiber Membrane 107
disruption
Bispyrene-KLVFF-RLYLRIGRR Lipoteichoic acid Nanoparticle-to- Bacteria trapping 109
nanofiber
Nap-FF-GG-SSGGGSSGGGH Clumping factor B Nanofiber Bacteria trapping 58
BQA-GGFF ROS Nanofiber Bacteria trapping 110
NQ-FF Nitroreductase Nanofiber Bacteria trapping 111
C16-LVFFA-KKRAKKFFKKPRVIGVSIPF, C;4-LVFFA-(SG)s Membrane Nanoparticle-to- Bacteria trapping 112
components nanofiber

This journal is © The Royal Society of Chemistry 2024
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peptide assemblies to prevent bacterial invasion.’'® In detail,
they designed a peptide precursor BQA-GGFF composed of a
ROS-activatable fluorogenic motif (BOA) and a self-assembling
motif GGFF. Upon the action of an inflammatory microenvi-
ronment, BQA-GGFF evolved into its monomer form
BQH-GGFF and further self-assembled into fluorescent nano-
fibers at bacterial infection sites. The in situ formed nanofi-
brous networks not only served as artificial neutrophil extra-
cellular traps (NETs) to inhibit bacterial dissemination, but
also acted as a ROS scavenger to reduce inflammation levels.
Therefore, a smart negative feedback system was created to
efficiently fight bacterial infections. In another important
work, they developed a peptide-based precursor NQF contain-
ing a nitroreductase (NTR, an enzyme overexpressed by
Fusobacterium nucleatum)-responsive quinazolinone core (NQ)
and the self-assembling motif FF.'"" Upon NTR activation,
NQF converted into its monomer form HQF, which self-
assembled into in situ nanofibers to trap Fusobacterium nuclea-
tum, leading to bacterial membrane damage and growth inhi-
bition. Notably, the authors found that the antibacterial
assemblies could further promote chemotherapy for colorectal
cancer, a malignancy associated with Fusobacterium nucleatum.
Recently, Li and co-workers reported a multifunctional peptide
system with antibiotic loading, bacterial membrane disrup-
tion, and bacterium-trapping properties for the treatment of
multidrug resistant bacterial pneumonia.’** Specifically, a
cathelicidin-based lipopeptide Lipo-20'"® was rationally
designed to co-assemble lipopeptide Lipo-S and ciprofloxacin
to form nano-antibiotic transformers (NATs). NATs could
specifically bind to negatively charged lipids in bacterial cell
membranes and further converted into in situ nanofibers,
thereby enhancing membrane disruption and enabling
efficient intracellular delivery of ciprofloxacin. In addition, the
transformed nanofiber could imitate NETs to trap bacteria.
Such multiple antibacterial mechanisms of in situ peptide
assemblies show great potential to overcome antibiotic
resistance.

5. Conclusion and outlook

In recent years, in situ peptide assemblies have attracted
increasing attention for bacterial diagnostic and therapeutic
applications (Table 1). With rational design, in situ peptide
assemblies not only have smart biomarker-activatable
imaging/antibacterial properties, but also show enhanced
accumulation and retention at bacterial infection sites. As
such, enhanced bacterial imaging and treatment outcomes
can be easily obtained by using these supramolecular assem-
blies. Despite the rapid advancements, several problems still
need to be addressed. First, it remains a big challenge to
develop in situ peptide assemblies with more precise spatio-
temporal controllability within bacteria. Recent efforts have
led to in situ peptide assemblies instantly targeting subcellular
organelles in cancer cells."'*""® The above successes may
provide valuable guidance for the design of peptide assemblies
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with precise bacterial substructure-targeting capabilities.
Nevertheless, bacteria are much smaller than mammalian
cells and have different cellular structures, which should be
taken into account when designing peptide precursor mole-
cules. Machine learning will be a powerful tool to accelerate
the prediction and discovery of ideal antimicrobial peptide
precursor (or monomer) candidates.'**** Second, it is necess-
ary to develop valuable tools to reveal the dynamic process of
peptide assemblies in living bacteria. A deeper understanding
of this fundamental question can provide rich resources for
the development of in situ antimicrobial peptide assemblies.
Third, it would be valuable to develop in situ peptide assem-
blies with other clinical imaging modalities (e.g., positron
emission tomography (PET), single photon emission com-
puted tomography (SPECT), nanocomputed tomography
(nano-CT)) or other antibacterial mechanisms. Additionally,
more attention should be paid to the pharmacokinetics and
biosafety of peptide assemblies, which may help advance their
clinical translation. We believe these in situ peptide assemblies
can provide powerful alternatives for the diagnosis and treat-
ment of bacterial infections.
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