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The rise of bacterial resistance to current antibiotics poses a threat to humanity and reinforces the need
for new-generation nanomaterials with antibacterial properties and biosafety. Several types of nanoma-
terials have been shown to hold great potential to combat pathogenic microorganisms. Self-assembly of
peptides and proteins, a spontaneous and tunable process, provides a wide range of new routes to con-
struct functional biological nanomaterials with antibacterial properties. In particular, short-peptide-
based supramolecular nanomaterials have attained substantial recognition due to their ease of fabrica-
tion, favorable physicochemical properties, and structurally diverse functionalities. Here, we present
an overview of the recent progress on the design of short peptides, including linear peptides, amphiphilic
peptides, and cyclic peptides, for the formation of supramolecular nanostructures as antibacterial agents
and their respective therapeutic modes of action. Moreover, supramolecular short peptide composites
and biomineralized nanomaterials are discussed, along with their biosafety and antibacterial mecha-
nisms. These nanomaterials hold great promise as antibiotics of the near future due to their biocompat-
ible, biodegradable, and environmentally friendly nature.
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1. Introduction

Following the discovery of penicillin, a variety of antibiotics has
been developed to tackle microbial infections. However, over time,
resistant strains of bacteria evolved due to the malpractice and
overuse of medicines [1]. By 2050, around 10 million deaths are
expected to occur annually due to the rapid emergence of antimi-
crobial resistance [2]. The efficacy of antibiotics is determined by
their interactions with essential microbial processes such as repli-
cating DNA, synthesis of cell membrane components, and expres-
sion of crucial proteins. However, microbes have developed the
ability to alter the drug target, produce drug-metabolizing
enzymes, and excrete antibiotics via efflux pumps. Hence, there
is a need to introduce novel antimicrobial agents that: i) target
bacteria more efficiently, ii) overcome the resistance mechanisms,
iii) minimize the emergence of multidrug-resistant (MDR) patho-
gens, and iv) cost-effective and practical [3].

Advances in nanoscience and technology, along with the
increased understanding of nano-bio interfaces, have paved the
way for the development of alternative antimicrobials [4]. With
their versatile physicochemical properties, nano-antimicrobials
can overcome multidrug resistance via improved efficacy, con-
trolled drug release, circulation, and targeted delivery [5]. Several
synthetic nanomaterials have already been studied for their
antibacterial potential, including metal, self-assembling peptides,
polymer, carbon-based nanoparticles (NPs), quantum dots, and
up-conversion NPs [6–9]. Interestingly, bacterial cells’ membrane
integrity can be disrupted via targeted attachment of nanomateri-
als, leading to the leakage of cytoplasmic components. Subsequent
membrane penetration of NPs can disrupt the core cellular func-
tions of bacterial cells via binding of the NPs to cellular compo-
nents, including enzymes, DNA, and ribosomes. Inspired by
nature, self-assembled peptide nanomaterials with potential
antimicrobial properties also develop as alternatives to synthetic
compounds [10]. Self-assembled peptide nanomaterials are bio-
compatible, chemically diverse, and have a high loading capacity
with extended circulation [11]. Many reports have demonstrated
the capability of short peptides to generate self-assembled nano-
materials in a controllable fashion, making them new entities for
bacterial therapeutics [9,12]. Short peptides are simple in molecu-
lar design, easy to self-assemble, and their molecular arrangement
in nanomaterials is understandable. There is a growing interest in
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the interface of self-assembly and antimicrobial activity, mostly as
small organic building blocks are now preferred over the naturally
occurring, complex antimicrobial peptides. The AMPs need to pass
a specific threshold concentration for action, especially for the
cationic AMPs, which require higher concentrations [13]. Further-
more, proteolytic enzymes can easily recognize high molecular
weight peptides, while small cationic peptides can escape prote-
olytic degradation [14]. Most of the naturally occurring antimicro-
bial peptides have rather long sequences, which can compromise
their application as commercial drugs due to the high cost of pro-
tein production at an industrial scale. Short AMPs represent a
chemical class of promising new drugs due to their robust biomi-
metic mechanisms of action, their relative ease of synthesis, and
low production cost when compared to biologicals. Remarkably,
the mechanism of antibacterial activity reclined on the membrane
disruption, interference in gene regulation, oxidative stress, and
phototherapy [15–18]. The nano-bio materials have also been used
for the treatment of infections caused by bacterial communities
(biofilms) and free-floating (planktonic) bacteria [19].

This review highlights the physical and chemical properties and
molecular design strategies of short peptide nanomaterials for
therapeutic action against different bacterial pathogens. These
physical and chemical properties are vital pillars in designing
supramolecular nanomaterials, while biological and physiochemi-
cal properties help to understand the antibacterial mode of action.
These properties provide information about structure–function
relationships of the proposed materials and lead the researcher
from design to applications. Intracellular or extracellular targeting
and membrane disruption are the primary mechanisms of the
antibacterial therapeutic mechanism of the short peptide nanoma-
terials. Some review articles on self-assembling peptides have been
published [9], which have reported for various aspects and do not
cover the synthetic procedures of short peptides-based nanomate-
rials and the antibacterial application. Other than these, some
review articles cover the different materials, for example, carbon
nanotubes and polymeric nanomaterials [5,20]. Based on the cur-
rent need of antibiotics, we highlight the short peptide-based
nanomaterials for antibacterial applications. First, the physico-
chemical properties of short peptides are discussed in detail, and
the second antibacterial action mechanism is elaborated. In later
sections, we cover the molecular design strategies of supramolec-
ular nanomaterials synthesized from the short peptide building
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blocks of linear peptides (di-, tri-, and tetra-), cyclic peptides, and
amphiphilic peptides. We discuss the nanomaterials formed from
the short peptide building blocks conjugated with therapeutic
drugs and biomimetic anchoring functional groups to develop tai-
lored functional peptide nanomaterials, which have shown more
antibacterial activity as compared to their respective constitutive
components. Some metals for example silver and gold have anti-
inflammatory properties, thus to make the short peptide nanoma-
terials more efficient against the bacteria, could be used together
with the short peptide’s nanomaterials. Therefore, the molecular
design strategies of the co-assembled composites nanomaterials
and silver and gold incorporated short peptide supramolecular
nanomaterials are also discussed based on the application perspec-
tive against bacterial strains. Lastly, we underline the obstacles for
the current nanomaterials, along with the main challenges and
perspectives for designing next-generation short peptide
supramolecular nanomaterials.
2. Physicochemical features of short peptide supramolecular
nanomaterials

In the last decade, natural antimicrobial peptides (AMPs) have
been extensively studied, but due to the development of bacterial
drug resistance, the clinical application of AMPs is facing many
problems [21]. The artificially designed supramolecular short pep-
tide nanomaterials have shown promising physicochemical prop-
erties in materials, and these unique properties further endow
peptide nanomaterials with excellent antibacterial activity [22].
This section introduces peptide supramolecular nanomaterials’
unique physical and chemical properties that play an essential role
in antibacterial effects.

2.1. Peptide sequences

Peptides are composed of twenty basic amino acids and their
derivatives. By rationally designing amino acids, the electronega-
tivity, polarity, and chirality of the peptide chain can be adjusted,
all of which affect the antibacterial activity.

For example, the peptide chain has a net positive charge due to
lysine, arginine, and histidine residues [23]. Most of the antibacte-
rial peptides discovered so far are also cationic peptides. In addi-
tion, amino acids can be divided into polar and non-polar ones.
Polar amino acids are hydrophilic, while non-polar amino acids
are hydrophobic [24]. Therefore, peptides can be designed to be
amphiphilic and have both hydrophilic and hydrophobic struc-
tures. In terms of chirality, D-amino acids are not degraded very
easily by bacterial proteases [25]. Kolodkin-Gal et al. also reported
that the production of D-amino acids by Bacillus subtilis is respon-
sible for preventing and breaking down bacterial biofilm [26]. This
aspect is also elucidated by a mixture of D-leucine, D-methionine,
D-tyrosine, and D-tryptophan. These D-amino acids are responsi-
ble for the disruption of amyloid fibers involved in keeping the bio-
film intact. The three aspects mentioned above are essential for
their antibacterial activity. Besides, natural AMPs can also be opti-
mized through the programming of peptide sequences, including
the substitution of D- or non-natural amino acids or truncation
of peptide chains to improve antibacterial activity [21].

2.2. Self-assembly and secondary structure

As mentioned above, the chirality, polarity, and electrical prop-
erties of the peptide chain and the number of amino acids all mod-
ulate the physicochemical properties of peptides. These factors
play a decisive role in the self-assembly of short peptides and
enhance the interaction of peptides to help self-assembly [27-29].
3

The self-assembly of peptides has been regarded as an effective
way to prepare antibacterial nanomaterials with enhanced
antibacterial, improved stability, and reduced cytotoxicity [30].
The self-assembly process is driven by non-covalent interactions
comprised of van der Waals forces, electrostatic interactions,
hydrophobic interactions, hydrogen bonding, and p–p stacking
(aromatic) interactions [31]. Generally, when the peptide sequence
exceeds 12 amino acids, the secondary structure (e.g. a-helix, b-
sheet, turns, and random coil) formed by self-assembly can be
observed [24]. Simultaneously, a-helices, b-sheets can be exploited
to drive the self-assembly process.

The secondary structure affects the antibacterial activity and
cytotoxicity of peptides [32]. For example, many studies have
shown that the a-helical structure has a strong relationship with
antibacterial activity [33]. Besides this, the cytotoxicity of peptide
nanomaterial can be enhanced by introducing the D- amino acids
in the sequence of designed peptide building blocks [34]. Not only
the D-amino acids contribute to cytotoxicity but also therapeutic
drugs, metal ions, and aromatic functional groups also possibly
enhance cytotoxicity, which plays a critical role in antibacterial
activities [35–37]. However, these cytotoxicity enhanced biomate-
rials are biocompatible to mammalian cells. In addition, the sec-
ondary structure plays an important role in the interaction with
the bacterial membrane, and the selectivity to bacteria can be
improved by designing conformational switchable self-assembled
peptide nanomaterials [32].
2.3. Formation of ordered nanostructures

The nature and structure of peptides provide the flexibility to
fabricate various nanomaterials in a controlled fashion. The
ordered supramolecular structure of self-assembling peptides can
be precisely controlled by encoding peptide sequences to obtain
the morphology of spheres, vesicles, micelles, nanofibers, and nan-
otube structures [24,38]. The ordered nanostructures can be
achieved with different bottom-up mechanisms including hierar-
chical crystallization and traditional Ostwald ripening, where the
kinetics and thermodynamics of peptide assembly play crucial
roles [39-42]. This organization has resulted from a multitude of
non-covalent interactions and could have the potential to play a
role in antibacterial activity. The most important aspect of
supramolecular peptide nanomaterials is that they are mostly
formed in water and with a minute quantity of organic solvent
and are often coined as peptide colloidal nanomaterials[43]. This
colloidal organization of peptides into nanomaterials as prodrugs
makes them more promising candidates especially for biomedical
applications including the antibacterial one [43,44].

Short peptides are self-assembled into various nanostructures
and have shown excellent antibacterial properties. The nanostruc-
tured short antibacterial peptides are also endowed with addi-
tional properties, such as nanospheres that encapsulate and
deliver drugs and a high aspect ratio of nanofibers and nanotubes
that promote the destruction of bacterial morphology [24,45]. In
addition, nanofibrous and nanotube structures can reticulate the
aqueous media into hydrogels; this kind of antimicrobial peptide
hydrogels has also attracted more and more attention in the field
of antibacterial. Furthermore, the hydrogel surface exhibited inher-
ent broad-spectrum antibacterial activity when its surface engaged
bacteria because the surface of hydrogel destroyed the outer and
inner membranes of bacteria [46]. Moreover, with the formulations
of 3D peptide hydrogel nanostructures formed as in-situ in the tar-
geted region, they are very beneficial for local antibacterial treat-
ment (such as wound antibacterial).

In general, we still need to combine antimicrobial peptide
sequence design, secondary structure, and ordered nanostructure



Scheme 1. Illustration of the classification of short peptide-based nanomaterials and mode of action. a) short peptides as linear peptides, cyclic peptides, amphiphilic
peptides, drug peptides conjugates, co-assembled peptide composites, and metals(silver/gold) peptides nanomaterials, b) most commonly produced morphology of the
nanomaterials from short peptides used in antibacterial studies, c) possible mode of antibacterial action of these nanomaterials, d) interaction sites on the cell wall of the
bacteria.
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to design a series of intelligent antimicrobial peptide nanomateri-
als with self-assembling capabilities.

2.4. Drug delivery

The therapeutic efficiency of antibacterial agents/antibiotics can
be increased by using the drug carrier, as these transport them to
the site of infections [47]. Furthermore, as we mentioned, short
peptides are simple in structure, programmable in sequence, and
easy to self-assemble; therefore, they have attained a lot of atten-
tion in drug delivery [45,48].

Short peptides can self-assemble to form hydrogels, which are
excellent carriers for drug delivery, and can improve antibacterial
properties through synergistic effects with drugs. The self-
assembled hydrogel can not only deliver different components-
drugs but also control the drug release process. The formed hydro-
gel can provide various antibacterial components, including drugs,
ROS generators, or silver ions. For example, the designed octapep-
tide IKFQFHFD can form a dynamic supramolecular hydrogel nano-
fiber network under the adjustment of pH, and load drug cypate
and proline which are photothermal agent and procollagen
commpnent respectively [49]. This method uses a synergistic strat-
egy of antibacterial hydrogel, photothermal therapy, and proline to
eradicate biofilm and promote the healing of chronic wounds.

Using the drug loading strategy, it is expected that in the future,
a variety of synergistic antibacterial effects will be exerted based
on antibacterial peptides to enhance the effect of antibacterial
and anti-infection.

3. The mechanism of action of antibacterial activity

Short peptide-based nanomaterials have an understandable
mechanism of their formation because of the simplicity in the
structure–function relationship at the molecular level. We classify
the antibacterial mechanisms according to the different ways of
action of peptide nanofibers on the bacterial structure from the
4

outside to the inside: i) Bacteria extracellular targeting. ii) Mem-
brane damage and disruption. iii) Intracellular targeting.
(Scheme 1)

3.1. Bacterial extracellular targeting

When peptide nanomaterials interact with bacteria, they first
reach the surrounding microenvironment of the bacteria and
encounter cell wall components as shown in scheme 1 d. This
makes targeting extracellular components and encapsulating and
capturing the entire bacteria become a kind of antibacterial
mechanism.

3.1.1. AMPs inhibit the synthesis of extracellular biopolymer
Bacterial extracellular polymers, including peptidoglycan (PGN,

in all bacteria) and lipopolysaccharide (LPS, in Gram-negative bac-
teria) are the main components of the bacterial outer membrane,
which can cause an immune response [50]. Unlike most antibiotics,
a class of AMPs bind to PGN precursors (such as lipid II) and inter-
fere with the further enzymatic reaction, thereby inhibiting the
synthesis of PGN. One of the representative examples is nisin,
which can specifically bind to lipid II and interfere with the phys-
iological process of bacteria mainly by inhibiting the PGN mecha-
nism [51]. Other examples include branched tricyclic
glycopeptide vancomycin and families of cyclic lipo(glyco)peptides
and lipo-glyco-depsi peptides [51].

3.1.2. Self-assembled peptides trap bacteria
Self-assembled peptide hydrogels have an extracellular matrix

(ECM) like nanofiber network structure, and researchers have done
a lot of studies on using self-assembling peptide building blocks to
engineer supramolecular structures which mimic the ECM [52].
Extracellular peptide self-assembly, when forming nanofibers,
can lead to bacteria entrapment and prevent cell mobility [53].
For example, the natural human a-defensin 6 (HD6) can form
high-order oligomers through self-assembly, thereby trapping bac-
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teria and preventing host cell invasion to maintain intestinal
homeostasis [54].

Synthetic short peptides can also be designed as ECM mimick-
ing networks, acting as a trap outside the bacteria, and self-
assembled into nanofibers on the surface in situ to trap and wrap
the bacteria, which mimics the antibacterial process of innate
immunity. This antibacterial mechanism effectively inhibits bacte-
rial infections without killing the bacteria. Many studies have
recently focused on the novel designs of self-assembled short pep-
tide nanostructures that mimic antibacterial neutrophil extracellu-
lar traps (NETs), which we will specifically mention in the design of
short peptide materials [55,56].

3.2. Membrane damage and disruption

Membrane destruction is the primary way of killing bacteria
and is one of the preferred mechanisms for developing new drugs
because it is unlikely to cause drug resistance. For these reasons,
the interaction between AMPs and microbial lipid membranes
has always been the focus of in-depth research.

3.2.1. Membrane destruction of cationic peptides
Antibacterial peptides or host defense peptides are usually

cationic amphiphilic molecules, which disrupt the integrity of bac-
terial surfaces upon contact [57]. Self-assembled cationic peptides
rich in lysine and arginine have polycationic surfaces, and the den-
sity of anionic groups in bacterial cell membranes is higher than
that in mammalian cells, so the cationic peptides experience more
significant electrostatic attraction to the bacterial pathogens
[58,59]. The cationic surface shows antibacterial activity against
both Gram-positive and negative bacteria by destroying the bacte-
rial cell membrane. Several main modes of action have been recog-
nized for bacterial membrane disruption by peptides, including
carpet, barrel-stave, toroidal-pore models, and aggregate mecha-
nism [60].

3.2.2. Secondary structure affects membrane activity
Secondary structure is the essential element of protein-

membrane interaction, which also applies to antibacterial pep-
tides. The damage of antibacterial peptides to membranes depends
heavily on their secondary structures, especially for those cells that
act by barrel-stave and toroidal-pore model [32].

Many studies have found that folding into a-helix structures
helps antibacterial peptides insert into cell membranes. At the
same time, helix fraying leads to dysfunction [61]. The a-helical
antibacterial peptides attach to the negatively charged bacterial
membrane through electrostatic interaction and insert their
hydrophobic domain into bacterial membranes, causing the mem-
brane to deform [32]. In addition to helical structures, a few b-
sheet peptides, such as b-defensin analog and their designed syn-
thetic cyclic derivatives, also affect the membrane activity of
antibacterial peptides, but there are few studies [62]. It is worth
noting that the selectivity of antibacterial peptides can also be
improved by regulating their secondary structures, which is very
beneficial for applications [32].

3.2.3. Membrane disruption upon peptide self-assembly
All AMPs cannot self-assemble to form the nanomaterial, the

self-assembly of peptides can increase or even impart antibacterial
activity to peptides. When self-assembly occurs, the charge and
secondary structure of antibacterial peptides may change, which
affects the interaction between antibacterial peptides and cell
membrane [63,64]. Supramolecular nanomaterials also form the
pore in the membrane of bacteria which play a critical role in
membrane disruption [65]. Recently, a fluorescent probe-based
strategy is also used to kill the bacteria where the probe targets
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the cell wall of the bacteria [66,67], which may be helpful for
design of peptide-based nanomaterials with bacteria-targeting
and fluorescent-imaging capabilities.

Most of these types of self-assembled peptides are amphiphilic
cationic peptides. Among them, the amphiphilic design of the pep-
tide is responsible for providing self-assembly properties, while
the hydrophobic and cationic charge ensure the interaction with
phospholipids and membrane insertion, thereby producing
antibacterial [53]. In addition, several investigations have utilized
the self-assembled nanostructure (such as nanotubes and nanofi-
bers) of peptides to disrupt bacteria’s cell membrane to cause the
death of bacteria [18,68].

In general, many studies have proved that self-assembly affects
the antibacterial activity of peptides. However, the understanding
of the specific mechanism of the direct interaction between self-
assembly and antibacterial activity still needs more research to
clarify.
3.3. Intracellular function inhibition

When peptides enter bacteria, they can inhibit specific key
intracellular processes, such as nucleic acid and protein synthesis,
or cause cell death through intracellular self-assembly. These are
other mechanisms of antibacterial peptides.
3.3.1. Inhibition of intracellular nucleotide and protein synthesis
In addition to destroying membranes, antibacterial peptides can

also perform their antibacterial functions by being internalized.
Some AMPs (such as buforin II, indolicidin, and microcin B17)
can traverse bacterial cell membranes and block intracellular com-
ponents [50]. For example, the antimicrobial peptide buforin II can
traverse cell membranes and inhibit cell function by binding to
DNA and RNA of cells, leading to rapid cell death [69]. Proline-
rich antimicrobial peptides (Pr-AMP) inhibit protein synthesis by
targeting the bacterial ribosomal exit tunnel to achieve antibacte-
rial activity [70,71].
3.3.2. Intracellular aggregation of peptide assemblies
Several studies have reported the rational design of short pep-

tide sequences that self-assemble into toxic aggregates in bacterial
cells. For example, Xu et al. smartly designed a tripeptide deriva-
tive that enters the bacteria through a diffusion process and then
dephosphorylates to self-assembles into toxic nanofibers. This
intracellular assembled peptide antibiotic is bacteriostatic [72].
In addition, another study used bacterial genome screening to
identify aggregation-prone sequences peptide sequences [73].
The obtained peptides accumulated in the cell and caused bacterial
cell death [73].

So far, few studies have designed synthetic peptides for intra-
cellular mechanisms, but it provides ideas for the future develop-
ment of antimicrobial peptides with new modes of action.
However, peptide carriers also have limitations, which may pre-
vent some carriers from being degraded. In the future, more com-
prehensive development of peptide carriers is needed to carry
‘‘cargo” more perfectly and controllably.

Besides, it is possible to induce sequence-specific modifications
in peptides at the molecular level, and further functionalize the
nanostructures via the incorporation of antibodies, enzymes, and
fluorescent compounds [74,75]. A variety of AMPs including der-
maspetin S9, protegrin-1, and human a-defensin 6 can self-
assemble to form amyloid-like nanostructures to regulate immune
systems [76-78].



Fig. 1. The antibacterial mechanism of diphenylalanine nanostructures, a) upregulation of cellular stress-related genes after treatment with diphenylalanine nanostructures,
b) proposed antibacterial mechanism diphenylalanine nanostructures c) evaluation of the effect of the diphenylalanine nanostructures on bacterial morphology. The scale bar
is 1 lm. d) kinetics of the inhibition of bacterial growth. Reproduced with permission from reference [18] Copyright 2017, Springer Nature.
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4. Molecular design of antimicrobial short peptide
supramolecular nanomaterials

Short peptides are composed of amino acid residues linked via
peptide bonds and are able to form self-assembled supramolecular
nanomaterials. This section is classified into the short peptide-
based nanomaterials on their structural bases, such as dipeptides
and cyclic peptides, which have antibacterial activities.

4.1. Linear peptides-based nanomaterials

Linear peptides nanomaterials have been used for various
biomedical applications and have the simplest model of self-
assembling peptide-based antimicrobial materials. Linear peptides
are di-, tri-, tetra-, pentapeptides depending on the number of
amino acid residues in the peptide design. Interestingly, the dipep-
tide diphenylalanine (FF) has received tremendous attention
because of its aromaticity, hydrophilic/hydrophobic balance, which
plays a decisive role in creating self-assembled nanomaterials [79].
However, dipeptides FF have also shown antibacterial activity, and
we believe that other linear peptides could also have the same
antibacterial properties. Based on the simplicity of diphenylala-
nine, we are discussing FF nanotubes for antibacterial applications.
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Schnaider et al. reported the diphenylalanine nano-assemblies as
potential antibacterial agents [18]. Several different morphologies
of FF nanomaterials can be formed under different assembly condi-
tions and can be used for nucleotide delivery because of their
strong interactions with nucleotides [80]. Therefore, these
diphenylalanine nano-assemblies effectively inhibit the growth of
bacteria, upregulated stress response regulons, and disrupt the
morphology. Furthermore, the peptide assemblies were integrated
into tissue scaffolds for the demonstration of membrane-specific
interactions. Interestingly, several bacterial species developed
modifications in the molecules of their cell membranes. At the
same time, they also executed counter-measures like electrostatic
repulsion and reduced binding. Due to the hydrophobic and non-
cationic nature of diphenylalanine nano-assemblies, bacteria’s
probability of developing resistance was less than with short catio-
nic peptides. The upregulation was observed in the stress-related
genes as shown in Fig. 1.

In the context of antimicrobial resistance, biofilms also present
a significant issue to healthcare. Biofilms are made up of surface-
attached microbial cells covered by a protective extracellular
polysaccharide matrix [19]. Porter et al. demonstrated the biofilm
eradication and antibacterial activity of self-assembled peptide
nanotubes composed of a diphenylalanine motif [81]. The antibac-



Fig. 2. The chemical structure of cyclic D, L-a-peptide consists of eight amino acid residues, which self-assembled to form tubular nanostructure through hydrogen bonding
in the backbone of the cyclic peptide (left panel). Ring-shaped conformation of cyclic D, L-a-peptide nanotubes show the modes of membrane permeation (right panel).
Reproduced with permission from reference [84] Copyright 2020, Elsevier.
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terial selectivity and toxicity of peptide nanotube to the mam-
malian cells changed upon modifying the terminal functional
groups. Moreover, after 24 h of exposure at the concentration of
10 mg mL�1, the peptide nanotubes cleared the complete biofilm
of Staphylococcus aureus.
4.2. Cyclic peptides nanostructures

Cyclic peptides can be formed from two to several amino acids
in a circular shape in their polypeptide backbone via a typical pep-
tide bond. As we discuss in the physicochemical features of short
peptide nanomaterials (section 2.1), the amino acids in peptide
sequence and conformation play a significant role in antibacterial
activity. Usually, cyclic peptides are formed from the combination
of the D- and L- forms of amino acids, and the D- form is consid-
ered unnatural. D, L-a-peptides also limited the temporal acquire-
ment of drug resistance by bacteria based on the unnatural
structure. Therefore, we just highlighted one example of the cyclic
peptides, which have been used as an antibacterial agent in their
solution form, not in a self-assembled structure. Igarashi et al. dis-
covered cyclic peptide pargamicin A while screening potential
antibiotics against Staphylococcus aureus and vancomycin-
resistant Enterococcus faecalis/faecium [82].

Contrary to the cyclic peptide used as antibacterial agents in
solutions, the self-assembled cyclic peptide nanotubes have shown
a tremendous effect against the bacterial strain because of their
intact arrangement enhancing cellular penetration. The cyclic pep-
tides with D and L residues at alternative positions in the backbone
sequence can effectively trigger the assembly process [83]. There-
fore, in a pioneering study, Fernandez-Lopez reported antimicro-
bial activity of six- and eight- residual cyclic D, L-a-peptides,
which formed flat ring-like structures and stacked into hollow
tubes of the bacterial membrane [34]. The cyclic D, L-a-peptides
were shown to be highly effective against methicillin-resistant Sta-
phylococcus aureus. They monitored the D, L-a peptide-mediated
depolarization of intact bacteria incorporating a dye in Staphylo-
coccus aureus membranes. The fast antibacterial activity of cyclic
peptide nanomaterials and their ability to target the integrity of
membranes rather indicates that it is hard for bacteria to develop
resistance. To confirm this hypothesis, Barbara et al. carried out
the study to investigate the self-assembled nanotubes (left panel
in Fig. 2) with the lipid bilayers, a biomimetic membrane of a bac-
terial cell, which shows the strong electrostatic interactions with
membrane and ultimately cause a disruption of the membrane
(right panel in Fig. 2) [84]. This disruption is also dependent on
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the charges present on the membrane and cyclic peptide
nanotubes.

4.3. Amphiphilic short peptide-based nanomaterials

Amphiphilic short peptides have received considerable atten-
tion to design supramolecular peptide nanomaterials from the
desired perspective of applications. Amphiphilic peptides are also
referred to as surfactant-like peptides and they can have diverse
physical and chemical properties, which have shown the potential
role in the assembly process and different applications [85]. With a
hydrophobic tail and hydrophilic head, short amphiphilic peptides
can form the self-assembled nanostructures in aqueous solutions
analogous to surfactants [86]. This section provides the physical
and chemical properties of nanomaterials of short peptides, which
are chemically modified with functional groups of alkyl chains,
cholesterol moieties, and any other biological motifs.

4.3.1. Amphiphilic short peptides
This section considered the short peptide amphiphiles with

hydrophilic and hydrophobic parts made of amino acids. Chen
et al. studied the structure–function relationship of short amphi-
philic peptides for their tendency to form nanostructures and the
antibacterial activity as revealed in Fig. 3. [16] The structure–func-
tion relationship increased with increasing the length of the
hydrophobic tail, which increases the membrane disruption abil-
ity. The ease of synthesis and structural simplicity of the short
amphiphilic peptides can offer technological advantages in purifi-
cation and mass production.

Gong et al. reported the self-assembly of amphiphilic peptide
Ac-VVVVVVKKK-NH2 (V6K3) to form the nanoparticles, hydropho-
bic tail inside the core hydrophilic part is exposed towards the sol-
vent [87]. The enzyme, plasma amine oxidase (PAO), induces the
transformation in morphology from nanoparticles to nanofibers;
because of the least polarity, nanoparticles are converted to nano-
fibers. This transformation in morphology from nanoparticles to
nanofibers plays a significant role in enhancing the antibacterial
activity of V6K3 as presented in Fig. 3f.

4.3.2. Alkyl chain modified peptides
Recently, the chemistry of short peptide amphiphiles has been

tuned with bioactive epitopes, which can form nanofibrous struc-
tures and target specific molecules. Beter et al. utilized short catio-
nic self-assembled peptide nanofibers for potential antibacterial
activity [88]. Compared to soluble peptide solution, self-



Fig. 3. Schematic illustrations of actions of A9K leading toward bacterial membrane permeation and disruption. a) A9K molecules self-assemble into nanorods (red) with the
positive charges outside the rod. b) A9K molecules flap onto the outer membrane surface through charge affinity and may be inserted in the membrane through a hydrophobic
effect. c) They can then flip to enter into the membrane’s inner leaf and make a ‘‘through barrel” or micelles to cause leakage or lysis. d) Nanorods might associate with the cell
membrane surface directly through charge interaction. e) become inserted subsequently due to different effects, including electrostatic and hydrophobic interactions.
Reproduced with permission from reference [16] Copyright 2010, American Chemical Society, f) Self-assembly of short amphiphilic peptide V6K3 into nanoparticles and
transformation into nanofiber because of the enzymatic effect. Reproduced with permission from reference [87]. Copyright 2020, American Chemical Society. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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assembled peptide nanofibers demonstrated more antibacterial
activity, even with identical amino acid sequences. The study val-
idated the presentation of bioactive epitopes plays a vital role in
the design of next-generation amphiphilic short peptides for
antibacterial activity. Interestingly, the accumulation of bacteria
was much higher on the self-assembled peptide nanofibers, lead-
ing to enhanced bacterial membrane disruption. Recently,
supramolecular peptide-based hydrogels have emerged as poten-
tial antimicrobial agents owing to their bio-functionality [17,89].
Nandi et al. designed a series of synthetic peptide amphiphiles
(general chemical formula [H2N–(CH2)nCONH-Phe-CONHC12]
(n = 1–5, C12 = dodecyl amine) without lysine or arginine residues
and determined their potential antibacterial activity against Sta-
phylococcus aureus, Bacillus subtilis and Escherichia coli [90]. The
selected peptide amphiphiles demonstrated non-cytotoxic nature
in dose-dependent cell-viability studies. Furthermore, the amphi-
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philic peptides have shown resistance to enzyme proteinase K
and chymotrypsin because of their hydrophobic nature of the long
alkyl or aromatic head groups.
4.3.3. Cholesterol head modified peptides
The functional groups with specific biological features play a

decisive role in designing various nanomaterials for antibacterial
activity when introduced in short peptides. The cell-penetrating
minimal peptide sequence YGRKKRRQRRR (TAT) has the potential
for membrane translocation due to its biological origin, derived
from the TAT protein of the human immunodeficiency type 1 virus
[91,92]. Their cellular uptake could also be enhanced by conjugat-
ing it to molecules carrying genetic information (RNA) and proteins
[93,94]. A new building block (CholG3Arg6TAT) was designed with
hydrophilic (TAT) and additional cationic amino acids (Arg6) as a
cationic part, as both play a role in cell adhesion and translocation.



Fig. 4. Illustration of design strategy, characterization, antibacterial mechanism, and activity. a) Molecular representation of components involved in the synthesis of building
blocks and self-assembled micelles. b, c) Scanning electron micrographs of nanoparticles at different scales bars. d) Top view for the electrostatic binding of nanoparticles
with the cell wall. e) A cross-sectional view of nanoparticles interacting with the cell wall and cell membrane. Reproduced with permission from reference [95]. Copyright
2009, Springer Nature.
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The cholesterol (Chol) in the design is a hydrophobic part that
improves cell permeability and a function to accelerate the self-
assembly and three residues of glycine act as a spacer between
hydrophobic and hydrophilic blocks. The self-assembly of CholG3-
Arg6TAT resulted in core–shell nanoparticles. The hydrophobic part
of cholesterol is towards to core; the hydrophilic part forms a shell
for the nanoparticles and faces out to the external environment as
shown in Fig. 4a. The local charge density and mass of peptides
could play a role in enhancing antimicrobial activity.

In contrast, TAT peptide on the surface of nanoparticles makes
them more efficient in crossing the Blood-Brain Barrier (BBB) to
mitigate brain infections. These self-assembled nanoparticles show
potential antimicrobial properties against various pathogens, such
as bacteria, fungi, and yeast. The authors observe the inhibition in
the growth of staphylococcus aureus in mice and rabbits and effec-
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tively work against the bacterial treatment present in the brain
[95]. The antimicrobial activity of self-assembled nanoparticles is
to disintegrate the cell wall via a membrane disruption mecha-
nism. A relatively significant volume of nanoparticles, along with
the physical properties of its components, helped permeate mem-
branes as clearly shown in Fig. 4d-e.

4.3.4. Aromatic group modified peptides
Aromatic moieties have also been used to make the short pep-

tide amphiphilic. Usually, these aromatic moieties are Fmoc (9-
fuorenylmethyloxycarbonyl) (Fmoc), aromatic drugs, and small aro-
matic molecules, which ultimately change the hydrophobicity of
the overall short peptide building. These aromatic groups act as a
hydrophobic head like the alkyl chain does in amphiphilic pep-
tides, and other parts of the peptide can be used as hydrophilic



Fig. 5. Chemical structures of Nap conjugated short peptides. Reproduced with permission from reference [35] Copyright 2014, American Chemical Society.
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parts. However, it depends on the composition of amino acids in
that designer peptide. Fmoc is one of the commonly used
hydrophobic motifs which have been used to tune the assembly
process. Debnath et al showed the design of Fmoc linked amino
acids and amphiphilic peptides with the pyridinium group, which
self-assembled further through pi-pi and hydrogen bonding inter-
actions [96]. These hydrogelators when turn into assembled state
show antibacterial activity through the cell membrane penetration
[97]. Fmoc coupled amino acids, di- tri-peptides not only show
antibacterial activity in their assembled state but also have shown
such ability in the solution phase. Interestingly, the hydrogel of
these peptide conjugates can also be used for antibacterial coatings
to prevent the spread of bacteria [98]. Recently, naphthalene is get-
ting attention to be used as an aromatic group for the assembly of
short peptides and it has been used to modify diphenylalanine (FF)
to form self-assembled nanomaterials. In one study, researchers
designed the five dipeptides (FF) conjugates Nap-FF, Nap-FFKK,
Nap-FFK’K’, Nap-FFOO, and Nap-FFFKK as shown in Fig. 5. These
conjugates have a minimum difference in chemical structures. This
difference arose because of the lysine (K), Ornithine (O), and
epsilon-linked lysine, which can tune the hydrophobicity and
antibacterial activity [35]. The hydrophobic-hydrophilic balance
in the chemical structure governs the assembly process.

In contrast, in the same fashion, the hydrophobic-charge bal-
ance determines antimicrobial efficiency. The inclusion of posi-
tively charged amino acids increases the selectivity for negatively
charged membranes and cell walls of bacteria rather than the neu-
tral phospholipids bilayers. The introduction of third phenylala-
nine (F) in Nap-FFFKK is not beneficial in the assembly process;
undoubtedly, it has increased the hydrophobicity and decreased
the hydrophobic/hydrophilic balance. Thus, such a change in phys-
ical property induced a shift in the assembly process.

The ability of supramolecular peptide hydrogels of Nap-peptide
derivatives to reduce the viability of bacterial biofilms was demon-
strated in four different species: Gram-positive Staphylococcus epi-
dermidis and Staphylococcus aureus, and the Gram-negative
pathogens Pseudomonas aeruginosa and Escherichia coli. Antibacte-
rial activity increased with the increasing concentration of the pep-
tide derivatives. The ultrashort peptide containing the two-lysine
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amino acids Nap-FFKK and Nap-FFFKK supramolecular hydrogel
showed significant anti-biofilm activity against bacterial strains
used in the study.

Another significant aspect of aromatic residues linked short
peptides; by changing, the hydrophobicity with decreasing the
methylene units in two peptide conjugates resulted in antibacterial
activity. This concept was proved by Nap-FFOO, where the
ornithine has less methylene unit on the side-chain than lysine.
Such a minor difference in molecular structure has little effect on
the formation of the nanomaterials but it makes a significant dif-
ference in the antibiofilm activity. The antibacterial mechanism
is based on the electrostatic interaction between positively
charged free amine of peptides and negatively charged bacterial
membranes. Thus, the lack of free amine in the designed building
blocks of peptides decreased the antibacterial efficiency.
5. Functionalizing short peptide nanomaterials to achieve
antimicrobial activity

Short peptides can be easily modified through covalent bonding
with functional groups and therapeutic agents for different
biomedical applications, enhancing therapeutic efficiency against
the bacteria [99,100]. Covalently modified short peptide conju-
gates promise candidates to construct nanomaterials and treat bac-
terial infections [101]. Therefore, researchers have started to
design and synthesize single multifunctional molecules with self-
assembly and pharmacology pre-defined properties. Recently,
short peptides with a defined number of amino acids in the range
of 2–10 are also termed ultrashort peptides [89] and these are
exciting candidates for future pharmaceutical applications as they
are proven to be highly biocompatible and cost-effective relative to
their protein and longer peptide counterparts [35].

5.1. Therapeutic drug conjugated short peptides-based nanomaterials

The self-assembling molecules linked with drugs to construct
supramolecular biomaterials have shown several advantages. For
example, such conjugated molecules can reduce the use of drug
carriers, which may exhibit biodegradability constraints and acute



Fig. 6. Chemical structures of therapeutic drugs ibuprofen (Ibu), indomethacin (Ind), and naproxen (Npx) linked with short peptide FFKK. Reproduced with permission from
reference [36] Copyright 2016, Royal Society of Chemistry.
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toxicity. These biological concerns thus hamper achieving the
results expected from the designer nanomaterials [102]. The drug
carriers may have side effects because of stimuli nature to physio-
logical parameters, for example, enzymes and pH-responsive, and
acid production, which may further contribute to inflammation
[103]. The functionalization of short peptide building blocks with
therapeutic drugs has become a promising alternative approach
because it can enhance the selectivity of those drugs, thus increas-
ing the efficiency via nanotechnology. McCloskey et al. reported
the short peptide conjugates consisting of diphenylalanine-
dilysine (FFKK) covalently linked with Nonsteroidal anti-
inflammatory drugs (NSAID) to form the nanosponges abbreviated
as Npx-FFKK, which replaced the traditional self-assembling aro-
matic motifs such as Fmoc (9-fuorenylmethyloxycarbonyl), car-
boxybenzyl, and 2-naphthoyl (Nap) [104,105]. The two main
advantages of using NSAIDs with peptides;1) This limits the need
for the aromatic residue to tailor the hydrophobic interactions
for creating the self-assembled nanomaterials, 2) are the aromatic
groups of NSAIDs acting as self-assembling motifs and acute pain
relievers (ibuprofen and naproxen) the antibacterial activity [36].

By keeping the aforementioned advantages of therapeutic drugs
in mind, FFKK peptides were linked with ibuprofen (Ibu), indo-
methacin (Ind), and naproxen (Npx) as multifunctional motifs for
the fabrication of hydrogel biomaterials and chemical structures
are given in Fig. 6(a-c). The central role of NSAIDs is to improve
the hydrogel mechanical properties by increasing the hydropho-
bicity of molecules and inducing the enzymatic inhibitory proper-
ties in the particles. The significant difference in the formation of
biomaterials from three NSAIDs peptides stemmed from the differ-
ence in chemical structures, which changed the non-covalent
interactions required to establish supramolecular biomaterials.
These presumably physical properties also change the viscoelastic
properties, morphology, and secondary structures of short peptide
biomaterials. The lysine-based cationic peptides show inhibition in
bacterial growth because of electrostatic interactions with anionic
hydroxylated phospholipids. Finally, it creates the detergent-like
chemical environment that induces the cell-lysis and leads to
death [23,35]. Therefore, the authors employed these biomaterials
on four different bacterial strains (Staphylococcus epidermidis, Sta-
phylococcus aureus, Pseudomonas aeruginosa, Escherichia coli) using
the colony counting method, which represented the significant
reduction in viability of bacterial growth. Significant inhibition of
cyclooxygenase (COX-2) enzymes was observed in the case of
NSAIDs peptides in comparison to without NSAIDs. The Npx-
FFKK conjugates show more efficiency against all four bacterial
strains. It has established a promising reduction of the bacterial
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viability and selectivity in inhibition COX-2 because of the
enhanced viscoelastic properties.

Xu and coworkers reported the strategy based on antibiotic pro-
drug with dipeptides to enhance the efficiency of peptides against
Gram-negative bacteria. They manipulated the chemistry of ester-
bond hydrolysis to release the drug inside the bacterial cell [106].
The conjugated prodrug chloramphenicol succinate (CLsu) with
dipeptide diglycine (GG) was more effective against Escherichia coli
than only CLsu, which reveals the antibacterial activity of dipep-
tide. The enzymes such as BioH and YjfP present in the bacterial
cells catalyze the hydrolysis to make the release faster, which thus
enhanced the activity of the conjugates of the prodrug. Functional-
ization with the therapeutic drug enhances antibacterial efficiency
and improves the cytotoxicity of the conjugates of the prodrug. The
modulation of antibiotic prodrugs with short peptides can provide
a platform to enhance the efficacies against bacteria [106].

On the one hand, peptides and functional nanomaterials are
coupled through chemical bonds to enhance the antibacterial
activity of the peptides. For example, conjugating peptides onto
one-dimensional rodlike nanoparticles can enhance the activity
against gram-negative bacteria [107], and conjugating AMPs and
gold nanoparticles can resist trypsin digestion without affecting
the antibacterial activity of peptides [108].

5.2. Peptide-photothermal agent composite nanomaterial for
antibacterial phototherapy

The diversity in physical and chemical properties, coupled with
advantages in biodegradability and biocompatibility, makes com-
posite nanomaterials promising candidates in nanomedicine [29].
Based on their biological nature, short peptides have gained con-
siderable attention due to their well-understood assembly mecha-
nism, the ease of use for the surface modification of various metal-
based nanostructures, and the co-assembling motifs for inorganic
nano-agents to enhance the biocompatibility [27,109]. Inorganic
components, metals, or photosensitive dyes are usually intended
to play a role in the photothermal and photodynamic inactivation
of bacteria. Besides that, the simplicity in the change of chemical
structures also makes them a favorable biological entity for cova-
lent conjugation with certain functionalities or targeted motifs to
trigger the assembly process and increase the efficacy of these bio-
materials for nanomedicine [110,111].

Supramolecular composites can be formed by combining two or
more components, including short peptides and the non-covalent
interactions between those components that play a role in the
assembly process of composites [112,113]. However, the compos-



Fig. 7. Schematic diagram of self-assembly of dipeptide, fullerene, photodynamic therapy of bacteria, a), the chemical structure of short peptide and fullerene, and the self-
assembled peptide-fullerene hybrid nanostructures. b, c), Photographs of photodynamic antibacterial therapy in-vitro, and the corresponding bacteria viability of
Staphylococcus aureus colonies grown on agar plates (n = 3). d) In-vivo photodynamic antibacterial treatment of mice, the wound images at different days of treatments.
Reproduced with permission from reference [122] Copyright 2019, Royal Society of Chemistry.
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ite nanomaterials could have different physical and chemical prop-
erties from their parent components and show promising charac-
teristics that make them valuable candidates in nanomedicine
[114,115]. These composite nanomaterials are used for nanomedi-
cine and received huge attention for their application in the
biomedical field. The physicochemical properties of composites
nanomaterials make them promising to achieve maximum effi-
ciency [116-118]. The size, surface potential, and stability of
nanoparticles synthesized via a bottom-up approach are funda-
mental features that play a role in drug delivery carriers’ antimi-
crobial activity and efficiency. Furthermore, these factors
enhance the therapeutic effectiveness, precision and increase drug
payloads [119]. Peptide supramolecular nanomaterials like hydro-
gels and nanocomposites have been reported as antibacterial ther-
apeutic agents, which may conclude that short peptides are crucial
entities for the fabrication of highly biocompatible nanostructures
[90,120,121].
5.2.1. Short peptide/fullerene composite
Taking into account the above mention properties, Yan and co-

workers have reported peptide modulated supramolecular hybrids
with fullerenes for photodynamic antibacterial therapy [122]. The
phototherapies, photodynamic (PDT), and photothermal therapy
(PTT) exhibit similar mechanisms for antitumor and antibacterial
activities [123,124]. Generally, the mechanism underlying pho-
totherapy involves two steps: the first is to deliver the therapeutic
agent to tumor sites, while the second is to activate the agent, as it
is non-toxic in the dark. The therapeutic agent generates reactive
oxygen species, including singlet oxygen and other oxygen radi-
cals, which kill pathogens. Photodynamic therapy is a non-
invasive, more selective, and efficient therapy, which may ulti-
mately replace the conventional modalities of cancer treatments
like chemotherapy and radiation therapy. The invention of nan-
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otechnology has made photodynamic therapy even more targeted
and one step closer to the clinic. Nanoparticles have additional
advantages, like enhancing selectivity through surface modifica-
tion with targeted ligands and by their enhanced permeability
and retention (EPR) effect [125,126].

These favorable properties have led to peptide and protein-
based self-assembled nanomaterials being widely used for cancer
treatments by phototherapies. This can ensure the better biocom-
patibility and biodegradability of compounds to overcome the sev-
ere biological issues of metallic nanoparticles for the body
[127,128]. The fullerene is a class of closed-cage carbon nanomate-
rials with an extended pi conjugation system, enabling them to
absorb visible light and generate reactive oxygen species upon
light illumination, supporting the idea to use it as a photodynamic
therapy candidate. Due to its strong hydrophobicity and suscepti-
bility for aggregation, there is a need to functionalize short pep-
tides with cationic or anionic functional groups to enhance its
water solubility and biocompatibility interactions with bacterial
cells [129]. Therefore, other than the covalent conjugation, the
co-assembly approach, where the short peptides act as the central
motif to create nanostructures, is introduced. In this design, the
small amphiphilic peptides Fmoc-FF and C60-PTC (C60 pyrrolidine
tris-acid) were used to make hybrid or composite type new
supramolecular biomaterials through non-covalent interactions,
including pi-pi stacking, hydrogen bonding, and electrostatic inter-
actions for antibacterial photodynamic therapy as presented in
Fig. 7a. C60-PTC in the form of nanoparticles is entangled in the
fibrous peptide network, which inhibits the aggregation of fuller-
enes. The mechanical properties of peptide hydrogel composites
were improved after the incorporation of the photo-responsive
component. This also enhanced the production of reactive oxygen
species in comparison to C60-PTC alone. The authors employed
these peptide/fullerene composites for the in-vitro and in-vivo



Fig. 8. Chemical design and photodynamic inactivation of bacteria. a) Chemical structures and annotation of arrangements for the building blocks for self-assembled
nanospheres, b) Photodynamic inactivation of bacterial cells through intercalation and generation of ROS, c) Self-assembly of two components to fabricate the nanospheres
and cross-sectional insights. Reproduced with permission from reference [130] Copyright 2019, United States National Academy of Sciences.
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application of antibacterial photodynamic therapy. The results
show the significance of this strategy against the multi-antibiotic
resistance strains as indicated in Fig. 7b-d.

5.2.2. Aggregation induced emission (AIE) motifs/short peptide
composites

The intercalation of nanostructures into membranes for the effi-
ciency of bacterial activity is a critical challenge in designing nano-
material formulations. Gao and co-workers reported a
comparatively new strategy using a transacting activator of trans-
duction (TAT) peptide-decorated on a virus coat protein and a
tetra-phenyl-ethylene-based discrete organoplatinum (II) metalla-
cycle through non-covalent presumably electrostatic interactions
[130]. The tetraphenyl ethylene acts as a photosensitizer with
aggregation-induced emission to produce reactive oxygen species
(ROS). This strategy has been used to generate ROS and
intercalation-to-bacterial membranes to enhance the photody-
namic inactivation (PDI) efficiency. After entry into the cellular
membrane, the self-assembled nanostructure 30 decreased the sur-
vival rate of Gram-negative Escherichia coli up to almost zero and
for Gram-positive Staphylococcus aureus to around 30 %, followed
by the treatment and ROS generation on light irradiation as shown
in Fig. 8.

5.3. Biomimetic short peptide nanomaterials mimicking the
antibacterial effect of the immune system

Building blocks that engineer self-assembled biomimetics
nanomaterials with responsive, functional groups could be essen-
tial for drug delivery and it can regulate the molecular recognition
which could help to control the drug release at a targeted site
[131]. The control over the formation of nanomaterials from func-
tionalized building blocks via the in-situ self-assembly process,
which usually is triggered by the environmental conditions lying
inside the cells, has attracted attention in recent days. Huang
et al. exploited the in-situ supramolecular assembly approach to
design a biomimetic system that mimics the natural immune pro-
cess Neutrophil extracellular traps (NETs) [56]. This biomimetic
design of small molecule gelators, with their responsive nature,
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inhibit infection with methicillin-resistant staphylococcus epider-
midis (MRSE). They synthesized a quinazolinone motif with a linker
of aryl boronate immolative, which is linked with the tetra-peptide
of GGFF (BQA-GGFF). This small molecule is responsive to oxidative
environments which are shown in Fig. 9a. Glucose and glucose oxi-
dase (Gox) were used to produce hydrogen peroxide as the reactive
oxygen species (ROS). The small molecule BQH-GGFF has shown
the propensity to form hydrogels under the oxidative environment
of ROS and emit green fluorescence, as shown in Fig. 9c. When this
hydrogel was incubated with MRSE, the nanofibers of the hydrogel
strongly entangled the bacterial cells and significantly inhibit their
growth in-vitro through transcriptome alterations. This strategy
was further employed in-vivo using a mouse model to test the effi-
cacy of this design by monitoring the appearance of fluorescence at
the infection site. The trapping of bacteria inside the nanofibers
halted their movement and increased the survival rate of mice.
Furthermore, BQA-GGFF acted as a scavenger in the assembly pro-
cess of nanofibers, which reduced the inflammatory damage of tis-
sues by consuming the excess amount of ROS. Such a new
biomimetic strategy can thus be used for countering the multidrug
resistance to bacterial infections.

The barriers to transporting self-assembling peptides to the
bacterial invasion region can be addressed adequately by trapping
the bacteria into in-situ formed fibrous scaffolds at the in-vivo
level. Therefore, a programmable design of Human defensin-6
mimic peptide (HDMP), inspired by the peptide/protein self-
assembly approach, was reported recently to inhibit bacteria via
trapping in-vivo [55]. This design consists of three main parts; 1)
A peptide sequence RLYLRIGRR as a ligand-target to bind with
lipoteichoic acid (LTA), which is a unique component of Gram-
positive bacteria, 2) the KLVFF as a short peptide motif designed
for the b-sheet fibrous structures that also mimic the b-sheet struc-
ture of HD6 network, 3) the aromatic bis-pyrenes (BP) used to track
the synthesis of HDMP in a particular form and provide the signal
of transporting it through intravenous administration by
aggregation-induced emission (AIE) of BP as shown in Fig. 10 a-d.
The mechanism of this design is proposed to be as follows—first,
HDMP is self-assembled to form nanoparticles (NPs) that can bind
with Staphylococcus aureus. Upon binding, the NPs are transformed



Fig. 9. Chemical structure, responsive nature, and characterization. a) chemical structure, b) schematic diagram of in-vivo trapping of MRSC bacteria inside the natural
immune mimicking process of Neutrophil extracellular traps (NETs), c) responsiveness of small molecules and green fluorescence, d) TEM image of nanofibers of hydrogel, e-
f) adhesion of MRSC bacterial cells to nanofibers of the hydrogel at 2.5 mM, 5.0 mM, and 10.0 mM, g-h) HR-TEM image of trapping, i-l) morphology changes of MRSC cells at
different incubation time such as TEM images of the morphology change of MRSE cells. Reproduced with permission from reference [56]. Copyright 2020, Elsevier Ltd. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M. Abbas, M. Ovais, A. Atiq et al. Coordination Chemistry Reviews 460 (2022) 214481
into nanofibers (NFs) that developed a fibrous scaffold. The self-
assembly is triggered by ligand-receptor interactions and further
supported and stabilized by pi-pi stacking and hydrogen bonding.
The fibrous network can trap the bacteria and ultimately inhibit
bacterial growth as shown in Fig. 11a-h. Altogether, this is a
promising combinatorial approach of using three components with
particular targets capable of programmable self-assembly, mimick-
ing the HD6 process, and effectively and safely inhibiting the infec-
tion of Gram-positive bacteria in-vivo.
6. Silver/gold incorporated short peptide nanomaterials

Metal (silver/gold) peptide coordination chemistry is one of the
established approaches to form the peptide supramolecular nano-
materials for various applications[110,132]. The use of short pep-
tides to create mineralized biomaterials is one of the green
methods for constructing nanomaterials. Metal salts usually
require very toxic chemical agents as reducing or capping agents
to form nanomaterials[133]. A polyethylene glycol (PEG) water-
soluble polymer with a catechol functional group is used to reduce
the Ag+ to Ag (0) and produce silver nanoparticles [134]. Impor-
tantly, the controlled release of Ag+ also showed the ability to
enhance antibacterial activity[135]. Another study showed the
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reduction of silver during polymer hydrogel formation using the
reducing agent sodium borohydride. However, PEG is not consid-
ered versatile and amenable to living systems. Reithofer et al. used
the biomineralization strategy to report the in-situ generation of
stable, size-controlled silver nanoparticles in peptide hydrogels.
The hexameric ultrashort peptides Ac-LIVAGK-NH2 (Ac-LK6-NH2),
which can form hydrogels at physiological conditions, are
employed to generate silver nanoparticles within the matrix under
mild exposure to UV light. Silver nitrate is a source of Ag+, which is
reduced to form the nanoparticles without using external stimuli
for reduction. Furthermore, the silver nanoparticles increased the
mechanical properties of the hydrogel, as the silver nanoparticles
were entangled in the gaps of the nanofibrous hydrogel. The silver
mineralized peptide hydrogel is biocompatible and showed
enhanced activity against bacterial strains of Escherichia coli, Pseu-
domonas aeruginosa, and Staphylococcus aureus [136]. The size of
the silver nanoparticles was less than 20 nm, which is suitable
for the penetration of bacterial membranes [137]. Recently, pho-
toionization, a green method was developed to make the silver-
peptide nanoparticles in solution, where tetramer short peptide
was used as reducing and capping agent. These composite
nanoparticles have shown promising antibiofilm activity against
gram-positive and gram-negative bacteria [138].



Fig. 10. Molecular design, preparation of HDMP NPs, and transformation into nanofibers, a) Chemical structure of functionalized building block of Human defensin-6 mimic
peptide (HDMP) and schematic diagram of self-assembly of HDMP into nanoparticles (NPs), transformation into nanorods, and then finally into nanofibers (NFs) upon the
incubation with lipoteichoic acid (LTA), b-d) Transmission electron microscope (TEM) images of HDMP NPs, HDMP nanorods, and NFs respectively. Reproduced with
permission from reference [55] Copyright 2020, American Association for Advancement of Science.
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Despite this, Stupp and co-workers designed the amphiphilic
peptides with a propensity to form self-assembled nanofibers.
The toxicity of capping or reducing agents and the complex nature
of surfactants or polymers can be avoided using peptide motifs to
overcome the aforementioned issues in the synthesis of metallic
nanoparticles [17]. Therefore, the authors reported the two amphi-
philic peptides with minor differences in the chemical structure,
one with an aldehyde functional group and another lacking the
aldehyde group. Based on the chemical design, both peptide conju-
gates formed supramolecular nanofibers in water. The aldehyde
group is used to control the nucleation of the silver nanoparticles
because it is a well-known functional group to reduce two silver
ions to form the Ag2 cluster and, at the same time, oxidize the car-
boxylic acid group without any external additives or reducing
agents. The modified N-terminus of the peptide was exposed at
the surface of the nanofibers to reduce the silver ions as is pre-
sented in Fig. 12a. The silver nanoparticles generated in this strat-
egy are tested from typical plasmonic peaks of silver nanoparticles
in UV–VIS spectra. The size of the nanoparticles was about 4 nm
confirmed by TEM. The nanoparticles were tested for biocompati-
bility on eukaryotic cells and were 30 times less toxic than they
are to bacterial cells and less toxic than silver nitrate solution. Sig-
nificant inhibition in the growth of bacteria was observed by using
the metalized nanofibers.
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Furthermore, the antibacterial activity against Escherichia coli
was investigated. The inhibition profile of the bacterial growth
for Escherichia coli in the presence of silver decorated peptide nano-
fibers up to 16 h, and silver concentration varied from 0, 100, 250,
500, 750 nM, 1, 1.5, and 2 lM as shown in Fig. 12b. The results
demonstrate that the silver nano-decorated peptide nanofibers
have a promising inhibition of the growth of bacterial colonies.

Metal nanoparticles, especially silver nanoparticles (AgNPs) as
broad-spectrum antimicrobial agents, exhibit intense antibacterial
activity yet low resistance against the antibiotics and small mole-
cule bactericidal agents [139]. There is no doubt about the enor-
mous potential of AgNPs as antibacterial agents. However, the
individual AgNPs are not able to replace the antibiotics due to
the accumulation of AgNPs in healthy tissues and the adverse side
effects of Ag+ at high dosages or long terms use, like cellular toxi-
city, skin staining, and allergic reactions [140-142]. The aromatic
modified amphiphilic amino acids like proline, and leucine, have
anti-inflammatory and antibacterial properties. However,
supramolecular hydrogels formed from these motifs are not stable
enough alone for use as antibacterial dressings. Combined with the
reinforcing silver NPs, composite hydrogels open new avenues to
form biocompatible, stable hydrogels from simple amino acid
derivatives [143,144]. Yan and the team introduced the strategy
based on Fmoc-amino acids and silver through coordinated self-



Fig. 11. The antibacterial mechanism, a-b) trapping of staphylococcus aureus in the nanofibers of HDMP and untreated staphylococcus aureus by Scanning electron microscope
(SEM), Scale bar, 1 mm., c-e) in-vitro time-dependent inhibition assay for Staphylococcus aureus at different concentrations of NPs, f-h) invasion of human umbilical vein
endothelial cells (HUVECs) and human embryonic kidney 293 (293 T) cells, a 3D confocal image of invasion of 293 T cells. Reproduced with permission from reference [55]
Copyright 2020, American Association for Advancement of Science.
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assembly, resulting in a hydrogel decorated with silver nanoparti-
cles on the hydrogel nanofibers as shown in Fig. 13. The hydropho-
bic amino acid derivatives are released from the metallic-hydrogel
and interact with the cell wall due to hydrophobic interactions
[145]. As a result, both the AgNPs and silver ions (Ag+) entered
the bacterial membrane. There was an excellent inhibition in
Escherichia coli and Staphylococcus aureus growth monitored for
up to seven days. Metallic-hydrogels satisfy the biocompatibility
concerns. Moreover, the disintegration of bacterial membranes
was confirmed by the TEM, followed by the fusing and clumping
of bacterial membranes.
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The short peptide sequence FFECG with hydrophobic and
hydrophilic functionality, additionally connected with aromatic
moiety Fmoc (Fmoc-FFECG), was used to create self-assembled
nanofibrous hydrogel [146]. In this strategy, the hydrophobic part
fosters aggregation, which can help the encapsulation of
hydrophobic drugs [147]. On the other hand, the hydrophilic
groups such as carboxylic acid and thiol groups at the surface of
nanofibers serve as nucleation sites to form stable and monodis-
perse AgNPs. Due to their molecular recognition capability and bio-
compatible nature, silver mineralized peptide nanofibers (Ag-Pep
NFs) showed long-term antibacterial activity against both Bacillus



Fig. 12. Schematic diagram of amphiphilic peptide and antibacterial activity. a) Rationally designed chemical structure of amphiphilic peptide with modification of aldehyde
functional group, the self-assembled nanofiber, and silver decorated supramolecular peptide amphiphilic nanofibers. b) the inhibition profile of the bacterial growth for
Escherichia coli in the presence of silver decorated peptide nanofibers up to 16 h and silver concentration varies from 0, 100, 250, 500, 750 nM; 1, 1.5, and 2 mΜ. Reproduced
with permission from reference [17] Copyright 2019, American Chemical Society.

Fig. 13. A schematic diagram of Fmoc-amino acids, metal coordinated self-assembly, and mineralization to construct hydrogel with embedded silver nanoparticles (AgNPs)
and antimicrobial dressing. The biocompatible metal nanoparticles embedded in hydrogel showed enhanced antibacterial activity due to the synergy of amphiphilic amino
acids and AgNPs. The hydrophobic nature of amphiphilic amino acids supports permeation to the cell wall through hydrophobic interactions and disrupts the bacterial
morphology. Reproduced with permission from reference [145] Copyright 2020, Wiley.
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subtilis and Escherichia Coli. The inhibition in the growth of bacte-
rial strains is demonstrated at 10 mg mL�1 concentration of Ag-
Pep NFs nanocomposites. In contrast, only AgNPs with the same
silver concentration did not show any significant inhibition in
the proliferation of bacteria [148]. Furthermore, Fmoc-FF/Ag
nanocomposites with enhanced antibacterial activity and inhibi-
tion in biofilm formation can be used in wound dressings.

The incorporation process with various metals, especially silver
and gold, is more frequently used in biomedical applications[37].
Therefore, Manish et al., who found AgNPs with dipeptide have
more antibacterial activity than AgNPs alone, to native dipeptides
and AuNPs with dipeptide, studied the combinatorial effect of sil-
ver and gold nanoparticles stabilized with the short peptides.
Moreover, L-His-L-Arg-OMe capped AgNPs were found to be more
effective than antibiotics [149].
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7. Conclusion and future perspectives

We have summarized the supramolecular nanomaterials based
on short peptides, including dipeptides, cyclic peptides, amphiphi-
lic peptides, silver-peptide nanostructures, and peptide co-
assembled nanostructures with an emphasis on their antibacterial
efficiency and mode of action against bacterial pathogens. Short
peptides are simple biomolecules that can form supramolecular
nanostructures through self-assembly, which is a nature-inspired
process. Until now, self-assembling short peptides have demon-
strated promising results for applications in nanomedicine. These
short peptide building blocks have been used to engineer
supramolecular nanostructures through non-covalent interactions,
with or without other motifs such as metal ions and other co-
assembling components. Besides that, the flexibility in inter-and
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intramolecular interactions and in-built physicochemical proper-
ties of the short peptides create a room at the bottom to fabricate
supramolecular nanostructures for various applications, including
nanomedicine. Furthermore, the structural importance of peptide
building blocks and the formulation strategies of antibacterial
agents by using self-assembling short peptides show the merits
of improved efficacy and significantly decrease possible issues with
toxicity. The selectivity of antibacterial agents can be achieved by
tailoring strategies for supramolecular nanomaterials based on
short peptide building blocks.

Recently, the phase separating short peptides and even simple
amino acid derivatives have been developed, which could have
the ability to form the liquid-like droplets and in some cases
dynamic evolution into soft supramolecular hydrogels sponta-
neously with the assistance of a multitude of non-covalent interac-
tions [150,151]. Though, these phase separating peptides with
kinetically-trapped mesostable structures have not yet been
explored for antibacterial applications. However, their physico-
chemical properties are very promising to be used for antibacterial
and antibiofilm properties. As they show the phase separation
in vitro, we believe these short peptide and amino acid derivatives
can also adapt to the phase separation in vivo to arrest the bacterial
cells.

The cytotoxicity and complexity of biodegradability of many
cationic polymers have led to severe concerns, which hinder their
adoption as antibiotic agents against pathogenic microorganisms.
Besides this, many antibacterial agents have innate accumulation
issues in healthy tissues and have adverse side effects like skin
staining and allergic reactions, long-term treatment, and the need
for high dosages of existing nanomaterials for antibacterial activ-
ity. Although inorganic nanomaterials, especially carbon-based
ones, have shown low toxicity, biosafety concerns such as neuro-
and reproductive toxicity cannot be overlooked because they can
cross biological barriers [152,153]. The cyclic peptide nanotubes
have emerged as antibacterial nanomaterials used in-vitro and in-
vivo for bacterial infections. The most frequently observed antibac-
terial mechanism is the electrostatic interaction between peptide
nanotubes and negatively charged bacterial membranes, leading
to a disruption of the membranes [154]. However, the relatively
high production cost could prevent their use as antibacterial agents
in creams, and other cosmetics products are not practical. With
this in mind, the quest is to formulate new strategies structurally
based on highly biocompatible entities that can replace conven-
tional antibiotics for different bacteria strains. However, there
remains a need for additional research to find promising nanoma-
terials for bacterial treatments. In our perspective, short peptide
supramolecular nanomaterials will be potent candidates to remove
critical barriers met at the clinical level.
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