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Self-assembling short peptide amphiphiles, crafted through a minimalistic approach, spontaneously
generate well-ordered nanostructures, facilitating the creation of precise nanostructured biomaterials for
diverse biomedical applications. The seamless integration of bioactive metal ions and nanoparticles
endows them with the potential to serve as pioneering materials in combating bacterial infections.
Nanomanipulation of these molecules’ binary structures enables effective penetration of membranes,
properties. Through a comprehensive
exploration, we attempt to reveal the innovative potential of short peptide amphiphiles, particularly in

forming structured nanoarchitectures with antibacterial
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The pressing issue of antibiotic resistance underscores the
imperative for novel antibacterial therapeutics." Conventional
antibiotics are becoming increasingly ineffective against a
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conjugation with metal cations and nanoparticles, offering insights for future research trajectories.

burgeoning array of resistant bacterial strains, underscoring
the critical need for alternative approaches.” The widespread
misuse and overuse of antibiotics have expedited the emer-
gence of multidrug-resistant pathogens,? exemplified by notor-
ious strains like methicillin-resistant S. aureus (MRSA) and
vancomycin-resistant Enterococcus (VREF).*” This proliferation
of resistant strains has severely curtailed the efficacy of con-
ventional treatments for various infections. In light of these
challenges, the development of novel antibacterial agents
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to counteract multidrug and antimicrobial resistance, offering
promising prospects for significant therapeutic advancements.
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exhibiting heightened efficacy against bacteria while minimiz-
ing host toxicity assumes paramount importance.®

In the ongoing battle against antibacterial resistance,
peptide nanotechnology has emerged as a promising avenue,
offering novel solutions through the self-assembling capability
of multifunctional short peptides.” "' Short peptides, capable
of self-assembly, have garnered considerable attention due
to their distinct attributes and versatile applications.***?
Their spontaneous organization into well-defined nanostruc-
tures lays the groundwork for the production of antibacterial
nanomaterials, ranging from basic fibrils and sheets to
intricate micellar and vesicular assemblies."® These nanostruc-
tures confer unique physicochemical properties upon the
peptides, enhancing their efficacy as broad-spectrum
antimicrobial agents in combating bacterial resistance
(Scheme 1).**7'8

The intrinsic antibacterial attributes and drug delivery profi-
ciency of self-assembling peptides augment the efficacy of con-
ventional antibiotics against drug-resistant pathogens.'***¢'¢ Co-
assembling these nanomaterials proves effective in combating
drug-resistant bacterial strains.'® For instance, amalgamating
antimicrobial nanofibers with self-assembling peptides, such as
H-Lys-pAla—-BAlaLys-BAla-OEt, exhibits potential against both
Gram-positive and Gram-negative bacterial strains.>’ In a separate
study, a tripeptide (p-Leu-Phe-Phe)-based hydrogel demonstrated
the ability to encapsulate and regulate the release of antibiotic
drugs like ciprofloxacin.”®® In our previous investigation, we
observed that delivering the commercial antibiotic levofloxacin
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via H,S-responsive peptide nanostructures enhances its efficacy,
effectively inhibiting bacterial growth, including methicillin-
resistant S. aureus (MRSA).>?

Alternatively, the amalgamation of metal ions with self-
assembling short peptides yields hybrid supramolecular nano-
structures with promising antibacterial attributes.*® These
nanostructures, formed through the fusion of metal ions
with peptides possessing commendable antibacterial properties,
exemplify notable advancements. For instance, Zn(u)-coordinated
dipeptide, tryptophan-phenylalanine (Trp-Phe), based self-
assembling nanostructures have garnered attention for their
ability to disrupt bacterial membranes.”* Similarly, nanostruc-
tures derived from gold and silver ion-conjugated di-proline
dipeptides exhibit inhibitory effects against both Gram-positive
and Gram-negative bacterial strains.>> Furthermore, our research
group discovered that co-assembling zinc with tyrosine amino
acids over the diatom surface impedes bacterial growth by
delivering zinc ions to bacterial cells.**”

The attachment of fatty acid chains to self-assembling short
peptides stands as a strategy to augment their antimicrobial
efficacy while preserving their intrinsic properties.*® This cova-
lent linkage significantly enhances the biomedical functionality
of the peptides, endowing them with enhanced amphiphilic
characteristics, heightened thermal stability, and resistance to
enzymatic degradation, thereby prolonging their effectiveness
in biological environments. Furthermore, the hydrophobic
nature of the lipid chain facilitates interactions with lipid
membranes, potentially modulating membrane dynamics and

Dr Khashti Ballabh Joshi, born in
Almora, Uttarakhand, pursued an
MSc in Organic Chemistry at M. B.
G. P. G. College Haldwani. He
obtained his PhD from Indian
Institute of Technology Kanpur
under Prof. Sandeep Verma,
earning the Eli-Lily Asia Out-
standing Thesis Award in 2009. As
an Alexander von Humboldt
research ~ fellow at  Goethe
University Frankfurt am Main,
with Prof. Alexander Heckel, he
specialized in  nucleic  acid
chemistry. After serving briefly as a senior scientist at IIT Kanpur, he
became a UGC-FRP-Assistant professor under the inaugural UGC-
Faculty Recharge Fellowship scheme in 2013 and joined Panjab
University Chandigarh. He then moved to Dr Harisingh Gour
Vishwavidyalaya (A Central University) in Sagar (M.P.) and has been
working as an independent researcher since September 2013. Joshi’s
ploneering research integrates nanotechnology into Chemical Biology
and Medicinal Chemistry, focusing on bioinspired peptide and nucleic
acid-based drug design, coupled with innovative microscopic
techniques for self-assembly exploration, aimed at catalyzing
transformative contributions to scientific progress.

Khashti Ballabh Joshi

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc01762e

Open Access Article. Published on 03 July 2024. Downloaded on 2/15/2026 3:11:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

A)

Primary self-assembling
peptide sequence(S-sheets)

Minimalistic

Approach

o R 0O
/\/\/\/\/\/\/\)J\N/KH/N\.)]\

H

Alkyl tail (Hydrophobic)
Palmitic Acid

Simplifying

0 R,
Alkyl tail (Hydrophobic) Primary self-assembling
Palmitic Acid peptide sequence

RyRz= TerTyr/Phe]
B) l (Aromatic)

1) EDC.HCI, HOBt, DIPEA, 0 R,
Palmitic Acid, 18h at RT 2
_——

Ry, © o
w
C‘“ﬂNJ\[rN\;/ILN/\)LO/
o R M

Tripeptide

2)1N NaOH, 2h at RT B H g g H
Palmitoylated Tripeptide

C)
NH “NH NH NH

- B B
ﬂLﬂoH 2 Hﬂ ol 2
AN H N X A2
N N N
; A’ i "ﬂ:uo_u OH
N
B N N

Pal-Trp-Trp-Val(3) Pal-Trp-Trp-41-Ala(4)

T2
Z

Pal-Trp-Trp-Gly(1) Pal-Trp-Trp-Ala(2)

OH

Py A Nvowﬁ*"? %VOHMN? JN'\AOH

OH OH

Pal-Phe-Phe-/i-Ala(5) Pal-Tyr-Phe-4-Ala(7)

Pal-Tyr-Tyr-g-Ala(6) Pal-Phe-Tyr-/-Ala(8)

Scheme 1 This figure illustrates (A) the minimalist engineering of short
peptide amphiphiles (sPAs), akin to established peptide amphiphiles
(PAs).3° sPAs feature a hydrophobic palmitic acid, aromatic core for self-
assembly, and linear amino acid sequence for hydrophilicity. (B) A repre-
sentative synthesis scheme'” and (C) structural adjustments yielding
uniquely different sPA architectures, enabling self-assembly into various
nanostructures driven by secondary structures like beta sheets and alpha
helices. This advancement holds promise for diverse applications, especially
in antibacterial strategies and nanomaterial design. Scheme (B) reproduced/
adapted from reference®” with permission of the Royal Society of Chemistry.

facilitating traversal through biological barriers. The fusion
of lipids and peptides engenders multifaceted alterations in
peptide self-assembly.>?*°

Extensive research has unveiled numerous short lipopeptides
manifesting potent antibacterial and antifungal activities, effica-
cious against biofilms and multidrug-resistant bacteria.*"** PAs
offer several distinct advantages over traditional lipidic nano-
particles. While both PAs and lipidic nanoparticles possess
amphiphilic properties, PAs exhibit superior biocompatibility
with cell membranes due to their peptide-based nature."® This
enhanced biocompatibility translates into reduced cytotoxicity
and improved stability, making PAs particularly well-suited for
biomedical applications.*® Moreover, the self-assembling
mechanism of PAs allows for precise control over the formation
of nanostructures, leading to uniform and stable assemblies
with tunable properties. This level of control is often challenging
to achieve with lipidic nanoparticles, which can exhibit varia-
bility in size, shape, and stability. Furthermore, PAs offer the
versatility to incorporate a wide range of bioactive molecules,
including metal ions or nanoparticles, within their nanostruc-
tures. This capability enables the design of multifunctional
delivery systems with tailored therapeutic payloads, enhancing
their potential as antibacterial agents.”® In summary, while

This journal is © The Royal Society of Chemistry 2024
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lipidic nanoparticles have been widely utilized as drug delivery
vehicles, PAs offer distinct advantages in terms of biocompat-
ibility, structural control, and versatility in payload incorpora-
tion. By elucidating these differences, we aim to provide a clearer
understanding of the unique benefits offered by PAs as delivery
agents in anti-bacterial research.* This review primarily delves
into our group’s research on the self-assembly of short peptide
amphiphiles and their amalgamation with bioactive metal ions
and metal nanoparticles, elucidating their applications in anti-
bacterial endeavors.

Self-assembly of peptide amphiphiles

Amphiphilic biomolecules, integral components of biological
systems, possess dual hydrophilic and lipophilic characteristics,
enabling interaction with both aqueous and lipid environments.
This property facilitates their self-assembly, a phenomenon
observed prominently in cellular membranes where lipid bilayers
spontaneously form.*® Peptide amphiphiles, a crucial subset of
these biomolecules, are achieved either by conjugating hydrophi-
lic peptide sequences to lipophilic groups or by structuring amino
acids within a peptide sequence to have hydrophobic and hydro-
philic ends. This classification includes amphiphilic peptides,
lipidated peptide amphiphiles, and supramolecular peptide
amphiphile conjugates.®®

Amphiphilic peptides typically feature sequences with
hydrophilic amino acids at one end and hydrophobic amino
acids at the other, as studied extensively by researchers such as
Zhang et al. and Schneider et al., with peptides like EAKS,
EAK12, and EAK16.>”*° Conversely, lipidated amphiphiles
comprise hydrophobic lipid chains attached to hydrophilic
amino acid groups, making them biomimetic and known as
lipopeptides. The self-assembly behavior of these molecules is
dictated by their arrangement and composition, primarily
driven by the interplay between hydrophilic and hydrophobic
interactions, as elucidated by seminal works by Stupp et al. and
Banerjee et al.>>*%*!

A novel category of peptide amphiphiles, termed supramo-
lecular peptide amphiphile conjugates, has emerged through
the integration of traditional amphiphiles with supramolecular
chemistry. This category involves the formation of pseudopep-
tidic bonds between amphiphilic peptides or lipopeptides and
separate molecules that regulate supramolecular interactions.
Researchers such as Kros et al. and Das et al. have synthesized
pseudopeptide amphiphiles using various molecules like FMOC
protection, pyrene, naphthalimide, naphthalene, and arylenedii-
mides. Furthermore, Halder et al. and Ma Su et al have
contributed to the development of peptidomimetic amphiphiles,
particularly focusing on their antibacterial efficacy (Fig. 1).%%*>*3

The amphiphilicity of these molecules serves as a crucial
determinant in shaping their self-assembly characteristics.
It dictates the formation of a wide range of nano- to micro-
structures, including micelles, spherical micelles, micro-
emulsions, cylindrical fibers, and vesicles.**™*® This diversity
arises from the delicate balance between different types of

Chem. Commun., 2024, 60, 7687-7696 | 7689
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Fig. 1 Formation and characterization of self-assembled sPA nanostructures. (A) The proposed modelillustrates the formation of various nanostructures
of short peptide amphiphiles (sPAs) via lipid bilayer or micelle formation, followed by various electrostatic interactions leading to the conversion into
vesicles, straight or twisted fibers, and spherical micelles. The resulting supramolecular species exhibit structural diversity dependent on their aromatic or
hydrophilic core. (B) SEM, AFM, and TEM characterization of self-assembled sPA nanostructures. (B;) and (B,) FE-SEM images depict the formation of
vesicles and spherical micelle structures of Pal-WW-Gly and Pal-WW-Ala, respectively. (Bz) and (B4) AFM images reveal robust and needle-like fibrous
structures of Pal-YY—BAla and Pal-FF—BAla. (Bs) and (Bg) TEM images illustrate sheeted straight and twisted fibrous structures of Pal-FY—BAla and Pal-
YF-BAla, respectively, and the arrow directs the intact images providing insights into the morphology of these nanostructures. The various sections within
the image have been reproduced or adapted with permission as follows: B; from ref. 66 with permission from Elsevier; B, from ref. 45 with permission
from Wiley; Bz from ref. 23 with permission from Wiley; B4 from ref. 17 with permission from the Royal Society of Chemistry; and Bs and Bg from ref. 46

with permission from Wiley.

molecular forces, such as hydrogen bonding and hydrophobic
interactions. By adjusting the length and composition of the
hydrophobic chains, researchers can finely tune these interac-
tions, thus modulating the morphology and properties of the
assembled structures.*>*%*

The self-assembly of amphiphilic peptides in polar solvents is
a sophisticated process driven by the intricate balance of mole-
cular interactions. When suspended in a polar solvent, these
peptides undergo a remarkable organizational shift where the
hydrophobic segments minimize their exposure to the solvent,
while the polar portions remain exposed, leading to the sponta-
neous formation of ordered aggregates through non-covalent
forces, resulting in various nanostructures.*® The molecular
mechanisms governing the self-assembly of short peptides,
including lipidated peptides, are multifaceted and influenced

7690 | Chem. Commun., 2024, 60, 7687-7696

by several factors. These include the specific amino acid
sequences, the distribution of hydrophobic and hydrophilic
residues along the peptide chain, and the interplay of non-
covalent forces such as hydrogen bonding, hydrophobic inter-
actions, electrostatic interactions, and van der Waals forces. The
delicate equilibrium between these forces ultimately dictates the
arrangement and stability of the resulting assemblies.*’

A seminal study by Stupp et al. elucidated that the dom-
inance of hydrophobic interactions in a system leads to the
formation of micellar structures, while an increase in hydrogen
bonding can transform these structures into elongated fibers,
demonstrating the profound impact of these molecular forces
on the self-assembly process.*>*® Consequently, controlling the
interplay of hydrophobic forces and hydrogen bonding is
pivotal in dictating the morphology and properties of the self-

This journal is © The Royal Society of Chemistry 2024
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assembled peptides. This control can be achieved by judi-
ciously selecting the appropriate polar head and hydrophilic
tail in the peptide structure. In essence, peptide self-assembly
represents a dynamic process where peptides spontaneously
organize into ordered aggregates, driven by a complex interplay
of molecular forces. Understanding and manipulating these
forces offers profound insights into the design and develop-
ment of functional peptide-based materials for diverse biome-
dical and nanotechnological applications.*’

Antibacterial action mechanism

Short-peptide-based self-assembled nanomaterials exhibit unique
characteristics that significantly augment their antibacterial
efficacy.'®"! Their large surface area and dynamic capability
to encapsulate and transport antimicrobial agents enhance
their activity against bacterial pathogens. Furthermore, the self-
assembly of peptides into nanostructures enables targeted deliv-
ery of antimicrobial components, thereby improving efficacy while
mitigating the risk of resistance development.*

Research has delved into the antibacterial mechanisms of
short peptide and lipidated short peptide-based nanostruc-
tures, elucidating their disruptive effects on bacterial cell walls,
leading to cell lysis and demise.** Additionally, these nanostruc-
tures can impede crucial intracellular processes, including DNA,
RNA, and protein synthesis, further contributing to bacterial
eradication. Unlike traditional antibiotics, short peptides interact
directly with bacterial cell membranes, lowering the likelihood of
bacterial drug resistance.*’ Their rapid germ-killing ability, low
bactericidal concentration, and synergistic effects with conven-
tional antibiotics render them highly effective against endotoxins
and antibiotic-resistant strains.>> Moreover, short peptides
demonstrate excellent biocompatibility, low toxicity, and non-
irritating properties, underscoring their potential for safe and
efficacious utilization in clinical settings. These attributes posi-
tion short-peptide-based self-assembled nanomaterials as promis-
ing candidates for combating bacterial infections and advancing
biomedical applications.

Additionally, it’s important to elucidate the proposed mecha-
nism of action of PA-metal ion or PA-metal nanoparticle com-
plexes. These complexes may exert antibacterial activity through
various mechanisms, including disruption of bacterial cell mem-
branes, generation of reactive oxygen species (ROS), interference
with essential cellular processes, or induction of bacterial cell
death pathways.*>*! By detailing these mechanisms, we aim to
provide clarity on how PA-metal complexes exert their antibacter-
ial effects. Furthermore, we recognize the importance of addres-
sing selectivity for bacteria versus mammalian cells (Fig. 2B,
cytotoxicity data), a crucial aspect in the development of anti-
bacterial agents. PAs offer the potential for enhanced selectivity
through several strategies. For instance, the structural design of
PAs can be tailored to specifically target bacterial membranes or
cell wall components while sparing mammalian cell membranes.
Additionally, the incorporation of specific metal ions or nano-
particles with inherent antibacterial activity can further enhance

This journal is © The Royal Society of Chemistry 2024
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selectivity towards bacterial cells. Moreover, the development of
multifunctional PAs capable of targeting specific bacterial strains
or antibiotic-resistant pathogens while minimizing cytotoxicity to
mammalian cells represents an area of active research.®>°>*

Innovations in peptide amphiphile
design

The modification of peptides through lipidation constitutes a
strategic approach that influences their hydrophobicity, thereby
exerting significant impacts on their absorption, distribution,
metabolism, and excretion. Leveraging this modification, engineers
can tailor nanostructures capable of releasing antibacterial agents
upon encountering pathogens.>>*® Lipidation of short peptides
introduces hydrophobicity, enhancing membrane interaction, per-
meability, stability, and protection against enzymatic proteolysis.**
The supramolecular assembly of lipidated peptides often adopts a
B-sheet secondary structure, crucial for the formation of nanofibrils
and the antimicrobial activity of the peptides.>> Natural lipopeptide
antibiotics like polymyxin B'® and daptomycin® have demon-
strated efficacy against a broad spectrum of bacteria, including
multidrug-resistant strains. Notably, their activity relies on the
presence of the lipid chain, as its removal renders them inactive.
Exploiting this natural phenomenon, researchers have synthesized
biocompatible antibacterial nanomaterials.

Studies have unveiled the antimicrobial potential of various
lipopeptides, including single amino acid derivatives. Certain
dipeptides, particularly those derived from polar amino acids such
as Ser and His, exhibit significant antimicrobial activity against
Gram-positive bacteria, with some displaying remarkable
selectivity.>® Short peptides containing arginine and lysine, with
their net positive charge, also demonstrate antibacterial
activity.>>*® For instance, the lipopeptide (C;0),-KKKK-NH, has
displayed potent antibacterial properties against biofilms on sur-
faces like polystyrene and contact lenses, surpassing conventional
antibiotics.®* However, despite their efficacy, cationic amphiphiles
like these pose concerns regarding their potential harm to human
cells, reflecting the broader challenges faced by antimicrobial
peptides (AMPs) and their derivatives.> High production costs,
unfavorable pharmacokinetic profiles, and limited effectiveness in
animal studies are among the obstacles encountered by these
compounds.®>7~%°

Moreover, prolonged use of cationic AMPs may lead to
bacterial resistance, highlighting the imperative for ongoing
research aimed at developing more efficient and safer antibac-
terial peptides. Addressing these challenges will be pivotal in
harnessing the full potential of peptide-based antimicrobial
agents in clinical settings.®?

Antibacterial activity by manipulation
with metal ions and nanoparticles
Non-covalent interactions are fundamental drivers of peptide

self-assembly, with their manifestation influenced by amino
acid sequence, environmental factors, and the presence of

Chem. Commun., 2024, 60, 7687-7696 | 7691
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illustrating the primary aggregation of short peptide amphiphiles (sPAs) in polar solvents, leading to micelle formation followed by vertical stacking into
fibril structures. This nanostructure is then manipulated through structural and conformational transformations upon the addition of different metal ions,
positively impacting the antibacterial activity of SPA-metal conjugates, as depicted in a bar graph. (B) Addition of novel metal ions such as Au®** and Ag*
results in the decoration of sPA nanostructures with AuNPs and AgNPs, respectively, due to the reduction of metal ions and oxidation of the aromatic
core of sPAs. The resulting metal nanoparticle-loaded sPA fibers exhibit high biocompatibility and reduced cytotoxicity, leading to enhanced antibacterial
activity, as demonstrated in the bar graphs. (C) Proposed model illustrating the antibacterial activity of sPA-metal ion or sPA-metal nanoparticle
conjugates. Images have been reproduced or adapted with permission as follows: (A) from ref. 23 with permission from Wiley; (B) from ref. 46,50 and 55
with permission from Wiley; and (C) from ref. 56 with permission from Wiley.

metal ions.®® Metal ions, pivotal in the self-assembly of natural
proteins and the functioning of biological systems, exhibit
specific recognition of amino acids, facilitating connections
and rearrangement of non-covalent forces among peptide
molecules, thereby instigating peptide self-assembly. Peptides
serve as electron-donating ligands and protective agents,®*®
thus finding utility as reducing agents and protectants in the
synthesis of metal nanoparticles such as gold and silver,*>*%¢”
Our research endeavors extensively explore the impact of metal
ions on self-assembling peptide amphiphiles (sPAs), elucidat-
ing alterations in secondary structures, overall morphology,
and their potential in combating bacterial infections.'”°®
The delivery of metal ions possessing antibacterial properties,
such as zinc, copper, silver, and gold, induces significant

7692 | Chem. Commun., 2024, 60, 7687-7696

perturbations in bacterial cell homeostasis, contributing to
antimicrobial efficacy.

Our investigation unveiled that short peptide amphiphiles
(sPAs) incorporating the Phe-Phe aromatic segment manifest
robust m-m stacking interactions, effectively shielding the
core constituents—the palmitoyl lipid chain and aromatic
dipeptides—within the micellar or fibrillar structure of the
sPA."” The core components remain largely unaffected by most
divalent metal ions, including Cu(u), Co(u), Ni(i), and Zn(m).
However, metal ions possessing higher positive charges, such
as Fe(m), can attract the negatively charged n-cloud, thereby
promoting the formation of B-sheet structures. Moreover,
these metal ions interact with the outer hydrophilic residues
(B-alanine) of the sPA, triggering the nucleation of fibers into

This journal is © The Royal Society of Chemistry 2024
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diverse configurations, encompassing twists, random coils, and
aggregations. The multi-mode versatility of these fiber struc-
tures of sPA has been exploited for synthesizing antibacterial
nanostructures embedded with metal cations or novel metal
nanoparticles.'”->*°8

The antibacterial efficacy of these nanosystems arises from
two primary mechanisms: the generation of reactive oxygen
species (ROS) and the high drug payload capacity of silver
nanoparticles, inducing oxidative stress and perturbation of
bacterial cell membranes. Notably, sPA nanostructures, such
as Pal-Phe-Phe-B-Ala, facilitate the reduction of gold®® and
silver salts®® under sunlight exposure, leading to nucleation
into nanoparticles. These nanoparticles, when embedded over
the nanofibers, exhibit potent antibacterial effects against
bacteria. Specifically, the sSPA-AuNP hybrid structures demon-
strated antibacterial effects against Escherichia coli, evident
from a substantial inhibition zone.>® Of note, the minimum
inhibitory concentration (MIC) values of sPA-AgNPs hybrids
displayed comparable potency against both Gram-positive Sta-
phylococcus aureus and Gram-negative bacterial pathogens,
including drug-resistant strains such as Escherichia coli, Kleb-
siella pneumoniae, and Acinetobacter baumannii.*>*®>°

A notable modification in our study involved substituting
the central Phe-Phe segment of short peptide amphiphiles
(sPAs) with slightly hydrophilic aromatic dipeptides Tyr-Tyr,
characterized by metal-chelating hydroxyl groups.>® This altera-
tion was particularly significant as it allowed for a fascinating
morphological transformation in these metal-chelating nanofi-
bers, transitioning their structure from fibrous to sheet-like
nanostructures. The process of this transformation was multi-
faceted and depended on the specific metal ions present. For
instance, Fe(ur) ions were observed to prompt the development
of elongated f-sheet fiber structures, which gradually trans-
formed into robust and orderly sheet-like assemblies. In con-
trast, the introduction of Cu(u) ions led to the disintegration of
fibers. Similarly, Co(i) and Ni(u) ions induced the coiling and
twisting of fibers, eventually resulting in the formation of sheet-
like nanostructures. On the other hand, Zn(u) ions prompted
the folding of nanosheets into needle-like shapes.”® These
newly formed sheet-like structures served a crucial function
as reservoirs for metal ions, releasing toxic ions upon contact
with bacterial cells. For example, the zinc ion-conjugated Pal-
Tyr-Tyr-p-Ala self-assembled nanostructures were observed to
efficiently transport zinc ions into Escherichia coli bacterial
strains upon contact.'”:%®

The integration of metal ions into self-assembling sPAs
introduced an alternative interaction pathway with bacterial
cell walls, enhancing the antibacterial mechanisms of these
nanostructures. Metal ions acted as cationic bridges between
the nanostructures and the negatively charged components of
microbial membranes, thus amplifying their antibacterial effi-
cacy. Further insights into the structure-function relationships
of these sPAs were gained by modifying their structure, speci-
fically by removing the hydroxyl group from one of the tyrosine
residues. This structural manipulation resulted in the synthesis
of two constitutional isomers: Palmitoyl-Phe-Tyr-p-Ala and

This journal is © The Royal Society of Chemistry 2024
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Palmitoyl-Tyr-Phe-B-Ala. These modifications disrupted or pre-
served the binary hydrophobic-hydrophilic nature of the amphi-
philes, respectively, influencing the formation of their
nanostructures. In Pal-Tyr-Phe-f-Ala-OH, the disruption of
the binary nature led to a sequence of hydrophobic (Pal),
hydrophilic (Tyr), hydrophobic (Phe), and hydrophilic (B-Ala)
components, which impacted the formation of regularly stacked
sheet-like structures. Conversely, in Palmitoyl-Tyr-Phe-B-Ala-
OH, the preserved binary nature facilitated the formation of
regular structures. This intricate interplay between peptide
structure and metal ion interactions provides valuable insights
into the design and engineering of peptide-based nanomaterials
with tailored antibacterial properties, offering promising ave-
nues for future research and development in the field of anti-
microbial materials.*®*"*”

Additionally, the combination of these nanofibers with
silver nanoparticles results in the production of antibacterial
nanofibers, thereby further enhancing their antibacterial effec-
tiveness. The inherent characteristics of these sPAs, particularly
their favorable hydropathy index, facilitate efficient binding to
cell membranes, enabling the effective transport of toxic silver
nanoparticles (AgNPs) as cargo to target sites. Cytotoxicity
assays conducted against healthy eukaryotic cells have demon-
strated that both sPAs and their silver hybrids exhibit negligible
toxicity and display higher biocompatibility compared to con-
ventional drugs such as levofloxacin and doxorubicin. This
targeted delivery approach holds promise for combating neu-
rodegenerative diseases associated with microbiota.**>%>°

The antibacterial efficacy of these nanosystems was thoroughly
evaluated against a spectrum of bacterial strains, including Escher-
ichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobac-
ter baumannii, and Pseudomonas aeruginosa. By augmenting
interactions with bacterial surfaces or biofilms, these nanosystems
enhance biodistribution and pharmacokinetics, ultimately leading
to increased antibacterial efficacy. The accumulation of toxic silver
nanoparticles at elevated concentrations in specific regions results
in more efficient inhibition of bacterial growth and lower mini-
mum inhibitory concentration (MIC) values, highlighting the
potential of these nanosystems for combating bacterial infections
effectively.®

Structure—activity relationships of a
few short peptide conjugates and
designed sPAs

Structure-activity relationship (SAR) studies are fundamental in
drug discovery and development, particularly in the context of
antimicrobial peptides (AMPs) where even subtle changes in
molecular structure can significantly impact biological activity.>>
Our exploration of SAR, building upon the groundwork laid by
established researchers, focuses on short peptide conjugates and
their potential as potent antibacterial agents. In our investiga-
tion, we delve into understanding how modifications in the
molecular structure of these peptides influences their efficacy
against a spectrum of bacterial strains, encompassing both
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tGram-positive and Gram-negative types. Notably, we assess
their activity against notorious pathogens such as Staphylococ-
cus aureus (including MRSA and MSSA strains), Escherichia coli,
Pseudomonas aeruginosa, and Acinetobacter baumannii. This
comprehensive approach allows us to gauge the versatility
and breadth of action of our designed sPA nanostructures
(Table 1).2>%273*

Beyond merely evaluating their antimicrobial activity, we
also scrutinize the morphology of these nanostructures. This
examination is crucial as it offers insights into how the physical
characteristics of the peptides, such as size, shape, and surface
properties, influence their interaction with bacterial mem-
branes and subsequent bactericidal effects.”®> Our findings
unveil the promising potential of the newly designed sPA
nanostructures as a captivating platform for the development
of nanoantibacterials. Notably, they demonstrate comparability
or even superiority to existing counterparts in various critical
aspects. For instance, our nanostructures exhibit ease of synth-
esis, which is pivotal for scalability and cost-effectiveness in
large-scale production. Additionally, their molecular stability at
room temperature presents a significant advantage, ensuring
prolonged shelf life and ease of storage compared to conven-
tional antibiotics.”?

Furthermore, the biocompatibility and biodegradability of our
sPA nanostructures underscore their potential as safer alternatives
to traditional antibiotics, mitigating concerns regarding toxicity
and environmental impact.>® This multifaceted superiority

Table 1 Describing the structure—activity relationships of a few established
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positions them as promising candidates for addressing the urgent
challenge of antimicrobial resistance, offering a holistic solution
that combines efficacy with sustainability. Therefore, tabulated
SAR studies, coupled with extensive evaluation of nanostructure
morphology and antibacterial activity, provide compelling evi-
dence for the potential of our designed sPA nanostructures as a
next-generation antimicrobial platform. By leveraging insights
from both established research® and our own innovative con-
tributions, we pave the way for the development of effective and
sustainable antibacterial agents to combat infectious diseases.>*”°

Future direction and prospects

Ongoing research in peptide amphiphile design is poised to lead
significant advancements, further enhancing physiological proper-
ties and biocompatibility through meticulous atomic-level manip-
ulation of short peptide amphiphiles (sPAs). The integration of
sPAs with supramolecular chemistry holds immense potential for
developing personalized nanomedicines, fostering the creation of
theranostic platforms with integrated diagnostic and therapeutic
capabilities, thereby revolutionizing targeted drug delivery and
tissue engineering practices. Anticipated future developments
may overhaul the integration of nanomaterials into antibacterial
interventions, offering innovative approaches to combat bacterial
resistance. Continued research endeavors will prioritize enhancing
multifunctional hybrid self-assembly materials as nanocarriers,

representative short peptide conjugates and designed sPAs

Entry Short peptide conjugates Nanostructures Function

Activity/selectivity/applications™"

1. L-Tyrosine Diatom fabricated
microcontainer

2. Di-L-Proline 2D Nanosheets

3. L-Tryptophan-i-Phenylalanine Spherical
nanoparticles

4. L-Phe-L-Phe and more Nanotubes

5. H,N-X-Met-Phe-C;,H,;5, Supramolecular

X = 1-lysine, X = r-histidine, and hydrogels

X = -leucine

6. p-Leu-Phe-Phe Fibrous hydrogel

formation
7. H,N-Tyr(DNB)-Phe-Phe-OH (PHSC) Nanospheres/
nanovesicles
8. H-Lys-B-Ala-B-Ala-Lys—-p-Ala-OEt Cationic
nanovesicles

9. Lipidated amino acids [Phe, His, Ser,

Cys, Val] worm like micelles
10.  Pal-Trp Nanorod/
nanofibers
11.  Pal-Trp-Trp-Gly Nanospheres/
nanovesicles

12.  Pal-Trp-Trp-Ala Spherical micelles

(zn**), plasmonic welding of AuNPs
Delivery of, AgNPs, bioactive metal
ions, plasmonic welding of AuNPs
Delivery of, AgNPs, bioactive metal
ions, plasmonic welding of AuNPs

13. Pal-Phe-Phe-f-Ala Needle/nanofibers
tive metal ions
14.  Pal-Tyr-Tyr-p-Ala Nanofibers
15.  Pal-Tyr-Phe-f-Ala Nanofibers
16.  Pal-Phe-Tyr-f-Ala Nanofibers/twisted
fibers

7694 | Chem. Commun., 2024, 60, 7687-7696

Delivery of bioactive metal ions

Delivery of AuNPs and AgNPs
Delivery of bioactive metal ions (Zn>")

Nanostructures as antibacterial agents
Nanostructures as antibacterial agents
Delivery of ciprofloxacin

Delivery of levofloxacin

Delivery of 1-Dopa and curcumin

Spherical micelles, Antibacterial gelators

Delivery of Au(n) and AuNPs
Thermoplasmonic nanomaterials
Plasmonic welding of AuNPs

Delivery of AuNPs, AgNPs, and bioac-

Antibacterial activity against E. coli.*®

Antibacterial activity against S. aureus.”®
Antibacterial activity against E. coli**

Broad-spectrum antibacterial activity’
Antibacterial activity against Gram-
negative and Gram-positive**

Antibacterial activity against S. aureus,
E. coli, K. pneumonia.”*

Antibacterial activity against Gram-
negative and Gram-positive and MRSA**
Antibacterial activity against Gram-
negative and Gram-positive*’
Antibacterial activity against Gram-
negative (E. coli) and Gram-positive

(S. aureus)®®

Antibacterial activity against Gram-
negative and Gram-positive>*

Proposed photothermal activity*>®%”

Proposed photothermal, catalytic and
drug delivery activity*>°*%”
Antibacterial activity against Gram-
negative and Gram-positive'”>>*®

Delivery of, AgNPs, bioactive metal ions Antibacterial activity against Gram-

negative and Gram-positive®**®

Antibacterial activity against Gram-
negative and Gram-positive®®>"%%
Antibacterial activity against Gram-
negative and Gram-positive*®>"%®
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with a focus on refining targeted drug delivery systems for precise
therapeutic agent release at infection sites. Such nanomaterials
offer unique properties to disrupt biofilm structures, improving
bacterial susceptibility to treatment. Recent studies demonstrate
the potential of versatile nanostructures in combating bacterial
infections, antibiotic resistance, and applications in photothermal
therapy and advanced imaging, contributing significantly to
nanoscience and biotechnology. Integration of nanomaterials into
antibacterial interventions will reshape strategies against bacterial
resistance, validated through in vivo or animal models, driving
significant progress in biomedicine.

Conclusions

The self-assembly of lipid-modified ultra-short peptides
represents a compelling frontier in antibacterial research,
capitalizing on their distinctive characteristics to bolster anti-
microbial efficacy and surmount challenges linked with con-
ventional antibiotics. These nanomaterials, derived from
the self-assembly of short peptide amphiphiles, furnish a
multifaceted strategy to engage and disrupt bacterial mem-
branes notorious for their resistance to traditional antimicro-
bial agents. The salient attributes of self-assembling peptide
amphiphiles, including potent antibacterial properties and
pharmaceutical promise, position them at the vanguard of
the fight against antibiotic-resistant bacteria. This comprehen-
sive review elucidates the progressions in peptide amphiphile
design, spotlighting the successful creation of novel structures
to augment physiological attributes and compatibility. Integra-
tion of metal ions and nanoparticles into these peptide archi-
tectures demonstrates auspicious antibacterial outcomes
against diverse bacterial strains, underscoring their potential
in efficaciously combating bacterial infections. Profound mor-
phological and physiological alterations have been elucidated
at the atomic level, focusing on modulating these structures
to achieve diverse self-assembly morphologies, ranging from
linear fibers to spherical vesicles, through adjustments in the
hydrophilicity of the head group. The findings of this study
underscore the versatility and prospective applications of these
pioneering peptide structures in the realms of biomedicine and
antibacterial therapeutics.
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