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extensively studied in biomedical applications, including drug delivery and tissue engineering, their
potential applications in the fields of piezoresponsive materials, conducting materials, catalysis and
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1. Introduction

Self-assembly is a ubiquitous process in nature, involving the
formation of ordered arrangements of small molecules without
the guidance of any external influence."” Molecular self-
assemblies are primarily held together by non-covalent inter-
actions, including H-bonding, m-interaction, van der Waals
interactions, solvophobic effects, and halogen bonding.*
The combined effect of these non-covalent forces contributes
to both the structural and chemical stability of the system.
In recent years, adaptive molecular self-assemblies have
attracted attention, with a focus on their reversibility and
stimuli-responsiveness.”™*°

Given the rapid advancement of organic nanotechnology,
the need to fine-tune physical and chemical properties has
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become essential. In this context, bottom-up stepwise self-
assembly approaches have proven to be superior in manipulat-
ing nanoarchitectures.*™* The self-assembly process guides
several polypeptide chains to pack in a unique manner, form-
ing higher-order nanostructures."”® Apart from the classical
single-step self-assembly approach, recent reports indicate a
non-classical multistep self-assembly approach of peptides
through the liquid-liquid phase separation method."® Improve-
ments in understanding the thermodynamics and Kkinetics of
the self-assembly process, along with complex phase structures,
have led to the development of various advanced materials.
Proteins and peptides emerge as captivating choices for the
self-assembly process among other building blocks, primarily
owing to their biological compatibility. Particularly, the self-
assembly of peptides has consistently been a focal point of
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intensive research, showcasing significant potential applica-
tions in various fields such as biomedicine, bio-imaging, energy
harvesting, catalysis, sensors, and actuators with simple and
cost-effective synthesis methods.'”"'® Peptides exhibit a variety
of secondary structures, which further evolve into various
nanostructures, such as nanofibers, nanotubes, nanotapes,
2D nanosheets, micelles, and vesicles.'** Naturally occurring
peptides, such as amyloids, peptide hormones, collagen pep-
tides, elastin-derived peptides, and fibrin, are essential for their
specific functions in biological processes owing to their unique
secondary and tertiary arrangements. Hence, achieving hier-
archical packing arrangements is crucial for unlocking the full
potential of supramolecular higher-order architectures across
various application fields.>* However, designing and fabricat-
ing sophisticated functional systems with precise long-range
molecular alignment under spatiotemporal control remain
significant challenges. Hence, adjusting the self-assembly pro-
cess is essential to manipulate various secondary and nano-
structures of peptides, serving as a prerequisite for understanding
and harnessing their material and biological functions.'***2° The
swift progress in controlled supramolecular polymerization has
empowered the control of spatial and temporal organization
within nanostructures.®® Currently, the integrated approach to
modulate peptide self-assemblies using diverse supramolecular
techniques is of paramount importance, unlocking its potential
for practical applications in everyday life. Furthermore, the
stimuli-responsiveness of peptides endows them with the ability
to adjust their structure under different experimental condi-
tions, facilitating the creation of adaptable nanoarchitectures
with diverse dimensions.*! Studies indicate that the biological
responses associated with peptide self-assemblies are influenced,
either directly or indirectly, by factors such as pH, temperature,
concentration, ionic strength, redox conditions, and exposure to
light.*>° Conversely, there has been a notable lack of focus on
modifying the material properties of the self-assembled peptide
nanostructure via the adjustment of experimental parameters and
exposure to various stimuli. The diverse array of amino acids,
which vary in charge, size, hydrophobicity, and polarity, governs
the physicochemical characteristics of peptides and provides
a versatile foundation for the precise design and control of
nanomaterials.*’

Peptide self-assemblies are extensively documented in the
field of biomedical applications because of their notable bio-
compatibility and biodegradability.*" Nevertheless, this cate-
gory of systems holds significant potential in various fields of
materials sciences. In particular, chromopeptides are well
known for their crucial role in biomimetic catalysis, artificial
photosynthesis, bio-imaging and diagnosis.** In this review,
we present an overview of the various applications of peptides
such as piezoresponse, catalytic applications, biomedical appli-
cations, conductivity and various distinct states of peptide self-
assemblies. Certain peptides exhibit piezoresponse, making
them valuable for sensors and energy devices. Additionally,
these systems can act as catalysts in various processes.
Their ability to form liquid crystals also enables the develop-
ment of advanced materials for optoelectronics and display

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

technologies. A significant area of research on peptide assem-
blies is in biomedicine, where they are being explored as
therapeutic agents, for targeted drug delivery and diagnostic
imaging. Some peptides also demonstrate electrical conductivity,
which could be applied in flexible electronics. Due to their
structural versatility, peptides are beneficial across numerous
fields, from medical science to materials engineering, and are
expected to gain even greater significance as research uncovers
new facets of their functionality. This will pave the way for novel
therapeutic approaches, biotechnological uses, and advance-
ments across a range of scientific domains. Along with the
versatile properties and potential applications of peptide-based
self-assembled systems, two distinct self-assembled states such as
liquid crystals and peptide glasses, an emerging class of materials
have been discussed comprehensively. Peptide glass is a new class
of system which mimics the glassy disordered state of material
with high biological significance.*® The diverse applications of
these systems have not been extensively explored or collectively
reviewed, as most research studies have focused on the biomedi-
cal applications of self-assembled peptides, which have already
been thoroughly reviewed by multiple research groups, including

28,29,31,44-47
ours.” "

2. Peptide self-assemblies

Peptides, consisting of amino acids sequentially connected by
covalent bonds, undergo various intermolecular non-covalent
interactions to form self-assembled nanostructures. Moreover,
peptides are well known for folding locally into specific pat-
terns within a single peptide chain, primarily through hydrogen
bonding (H-bonding), which gives rise to their secondary
structure, whereas the tertiary structure of peptides refers to
the overall 3D conformation of the peptide chain, which are
stabilized via various non-covalent interactions. Peptide self-
assembly involves multiple small peptide units coming
together through non-covalent forces to form a larger, well-
ordered nanostructure. These self-assembled arrangements
exhibit various shapes, sizes, and surface areas attributed to
different morphologies. The distinct physical, chemical, and
biological characteristics of self-assembled peptides are predo-
minantly influenced by the diverse conformations found in
both secondary and tertiary structures.*® Small synthetic pep-
tides self-assemble into various nanostructures following the
classical nucleation growth mechanism, which involves a
single-step nucleus formation process from a supersaturated
peptide medium.'® However, this classical principle fails to
explain the liquid-to-solid phase transition process.'®*® A thor-
ough theoretical and experimental investigation indicates a
non-classical model, where a meta-stable phase-mediated
two-step nucleation process is involved prior to the peptide
self-assembly. Recent reports have suggested a process called
liquid-liquid phase separation (LLPS), where a peptide solution
separates into a solventrich liquid phase and a solute-rich
liquid droplet at the initial time frame. These liquid inter-
mediates serve as precursors for nucleation, followed by the
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formation of nanostructures with the achievement of a thermo-
dynamically stable state.”® These liquid droplets were beneficial
not only for the nucleation event but also served as targets for
adjusting the self-assembly pathway.’’ Hence, to maintain
control over the entire assembly process, it is essential to
carefully balance attractive and repulsive forces. The highly
flexible nature of peptides and their capability to form specific
secondary structures present a novel framework for designing
nanomaterials with adjustable structural characteristics. In
order to create supramolecular structures, various peptide-
based building blocks including cyclic peptides, amphiphilic
peptides, co-polypeptides, surfactant-like oligopeptides, den-
dritic peptides, and aromatic dipeptides have been developed.

2.1. Noncovalent interactions

The complete self-assembly evolution process involves various
types of non-covalent interactions such as H-bonding, n-inter-
actions, hydrophobic effects, van der Waals forces, and electro-
static interactions. These weak interactions have a significant
impact on the self-assembly process of peptides, resulting in
the formation of diverse nanostructures (Scheme 1). In most
cases, the peptide self-assembly is driven by a combination
of various non-covalent interactions.>> Cooperativity in these
systems primarily stems from: (i) many-body interactions,
(ii) secondary interactions, (iii) chelate effects, and (iv) confor-
mational changes.>® Among these, many-body interactions play
a major role in cooperativity, contributing either positive or
negative feedback to the overall assembly process. Cooperativity
via multivalent interactions has been suggested as a key physio-
logical mechanism for regulating cellular functions.>*>>
H-bonding is recognized as the predominant force among
all non-covalent interactions in the self-assembly of peptides.
The essential role of H-bonding also comes into play during the
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Scheme 1 Schematic showing various hon-covalent interactions present
in the peptide self-assembly.
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stabilization of secondary structures of peptides or protein
folding. The abundance of amide bonds and other functional
groups such as amine and carboxyl in the peptide system
makes peptides well-suited for directional H-bonding. As a
result, a diverse range of nanostructures emerge, each posses-
sing unique features. It was believed that water-assisted
H-bonding serves as a driving force for the formation of protein
fibrils (amyloid), considered as a significant factor in Alzhei-
mer’s disease and other neurodegenerative disorders.>¢™®
Topological control over the nanostructure and their growth
mechanism highly depends on the H-bonding interactions. The
formation of a 1D nanotubular structure of a cyclic peptide®®**
and its transformation into a 2D nanosheet was investigated by
Montenegro and colleagues.®” The diverse nanostructures
observed in the well-studied peptide diphenylalanine (FF) can
be attributed to the precise adjustment of H-bonding interac-
tions under different conditions.®® The H-bonding within the
self-assembled nanostructure was found to play a crucial role in
biomedical applications, catalytic processes, and the overall
structural stability of the system.®*

The self-assembly of peptides linked with an aromatic n-core
is significantly driven by the strong force of m-stacking inter-
action. Peptide chains adorned with amino acids related to the
n-system, such as phenylalanine, tyrosine, and tryptophan, or
externally introduced with chromophores such as pyrene,
anthracene, naphthalene diimide, and perylene diimide exhibit
exceptional regulation over nanostructures due to interactions
involving n-n stacking.®”””> We have illustrated how adjusting
the effective area of a n-core for stacking can influence the self-
assembly process of peptides.””””® The overall self-assembly
mechanism of a dipeptide (FF) is guided by the presence of a
pyrene or naphthalene motif at the N-terminal, and this effect
has been observed in the alteration of their secondary structure
(Fig. 1). The larger n-surface of pyrene facilitates strong
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Fig. 1 Chemical structure of two different peptides with the same amino
acid sequence and different m-conjugated chromophoric moieties, and
the schematic of the packing of the peptides during the self-assembly
process. The peptide with a stronger m-interaction with larger n-surface
(pyrene) directs a cooperative mechanism and the peptide with a weaker
n-interaction (anthracene) leads to an isodesmic pathway. Adapted with
permission from ref. 47. Copyright 2021 Royal Society of Chemistry.
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interactions, resulting in the arrangement of peptides in a
parallel fashion. In contrast, the weaker interactions between
naphthalene units lead to an antiparallel arrangement of pep-
tides during aggregation. The impact of n-r interactions also
modifies the mechanistic pathway of the self-assembly process,
shifting from an isodesmic mechanism in the case of naphtha-
lene-FF to a cooperative mechanism in the case of pyrene-FF.
Pyrene-FF exhibited a secondary structure rich in B-sheets,
while no distinctive secondary structure was observed in the
case of naphthalene-FF. This distinction is primarily attributed
to the influence of different m-stacking interactions. These ©
surfaces act as a hydrophobic interface in water-based assem-
blies, in addition to aiding in the assembly process via
n-stacking interactions. In the case of pyrene-FF, a probable
parallel packing was expected due to their strong n-m inter-
actions, whereas a weak m-interaction of the naphthalene core
lead to a change in the complete supramolecular polymeriza-
tion pathway (Fig. 1). The directional expansion of the assembly
is also supported by these strong n-= stacking interactions.”*”*
The significance of n—n interactions in n-chromophore-conju-
gated peptide self-assemblies and their influence on tuning the
assembly pathway have been recently documented by Ulrich
and colleagues.®® Not only the n-stacking, but also the m-inter-
action involves cation-rn, and CH-=n interactions. These weak
forces often play a crucial role in the overall structural stabili-
zation of protein and ligand binding.”>”®

The peptide self-assembly frequently entails electrostatic
interactions, which are considerably more robust than the
typical H-bonding or n-r interactions. These coulombic forces
arise from either ion pairs or the zwitterionic nature of the
functional groups. By altering the system’s environmental
parameters such as pH and ionic strength, the interactions
can be fine-tuned. This non-covalent interaction is well known
to drive the self-assembly process in a layer-by-layer fashion.””
The importance of such kind of interaction towards the self-
assembly process of charged peptides is well documented.”®”®
Another class of non-covalent forces that contribute in stabiliz-
ing the peptide self-assembly are van der Waals interactions.
The primary driving force behind the assembly in the amphi-
philic system is the hydrophobic contact between the alkyl
chain and the m-surface. Apart from n-interactions, aromatic
motifs also contribute to the peptide assembly via the hydro-
phobic effect. The hydrophobic effect with aromatic groups is
typically non-directional in nature, differing from the more
organized nature of m-m interactions. Assemblies predomi-
nantly driven by these forces are often micellar in structure,
minimizing surface contact with water. The amphiphilic system
organizes itself in a manner where the hydrophobic functional
chain is concealed within the structure, while the hydrophilic
group is positioned externally, contributing to the stabilization
of the entire system. Gerbitz has reviewed the role of the
hydrophobic effect of the dipeptide system on the architecture
of the supramolecular self-assembled system. These hydropho-
bic dipeptide building units can construct microporous super
structures for various applications in different fields such
as storage and selective adsorption of gas.®’ These types of

This journal is © The Royal Society of Chemistry 2025
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interactions are also recognized for their role in securing the
assembly against proteolytic susceptibility and enzymatic
degradation.®* The role of a co-solvent with water is known to
significantly impact the nanostructure and properties of the
system.®>®® The solvent gradient in a mixed solvent system of
water and acetone is known to induce the self-assembly of a
peptide into a hollow nanocapsule.®* In another study, the
impact of a second solvent alongside water was investigated
on nanostructural transitions. Varying the amount of ethanol
in water led to the peptide adopting different morphologies.
At lower ethanol concentrations, the peptide formed short
helical ribbons, while at higher percentages, it developed into
longer twisted ribbons. These small-chain alcohol molecules
are known to insert into the hydrophobic pockets of the
assembly, altering the nanostructure’s curvature by weakening
the interactions.®*® Apart from the aforementioned inter-
actions, another significant non-covalent force that plays a
crucial role in the peptide assembly is the van der Waals
interaction. This force emerges from the partial and asymmetric
distribution of electron density or dipole between two closely
spaced molecules. Despite the weaker nature (~5 kJ mol™") of
this force, it makes a substantial and widespread contribution to
peptide self-assemblies.”® Yet, in very few instances, van der Waals
interactions emerge as the dominant mechanism governing the
self-assembly.®® The alkyl chain present in the peptide sequence
mainly takes part in van der Waals interaction. The position and
the number of alkyl chains control the overall stability of the
assembled system.®® With the aid of molecular dynamics simula-
tions, Schatz and colleagues elucidated how these interactions
stabilize cylindrical fibers within the peptide assembly.”®

2.2. Secondary and nano-structures

The unique folds in the structure of a peptide, giving rise to
its secondary structure, stem primarily from the intramolecular
H-bonding interactions among the integrated amino acid resi-
dues (Scheme 2).%° Furthermore, the hydrophobic effect drives
the system toward its thermodynamic state, as hydrophobic
functional groups in an aqueous solution self-organize toward
the interior of the assembly, releasing free water molecules.”*
The o-helix and B-sheet are the most abundant secondary
structures found under the physiological condition. The non-
ordered state is referred to as random coil or irregular structure.
Understanding this secondary structure of peptide assembly is
important to realize its potential in various fields.”>*® NMR
spectroscopy, X-ray crystallography, FTIR spectroscopy and circu-
lar dichroism are the most frequent techniques to analyse the
secondary structure of the peptide.”* Minor structural alterations
in a peptide system can induce the transformation in secondary
structures, shifting from an o-helix to a -sheet, and consequently,
altering the nanostructure from a helical ribbon to a core-shell
worm-like structure.”** Variations in secondary structures under
diverse environmental conditions can improve the cell perme-
ability, making peptides more effective for transporting genetic
materials.”® Peptide secondary structures can also be maintained
under co-assembly conditions by altering the system’s overall
stoichiometry.”” Guest-induced secondary structural regulation
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Scheme 2 Schematic showing various secondary structures of a peptide.

of a dipeptide leads to a change in photophysical properties. It has
also been reported that the co-assembly of Zn-phthalocyanine and
Fmoc-FF can tune the short-range secondary structure in helical
supramolecular nanotubes, resulting in circularly polarized lumi-
nescence (CPL).”®

Non-covalent interactions not only stabilize the secondary
structure of peptides but also facilitate intermolecular inter-
actions, allowing peptides to self-assemble into various nano-
structures. Common self-assembled nanostructures include
vesicles, micelles, nanofibers, nanoribbons, and nanosheets
(Scheme 3). Each of these comes with its set of advantages
and disadvantages depending on their specific applications, and
tuning non-covalent interactions allows modification of these
nanostructures.'>*"*?™" Vesicular and micellar structures are
commonly employed for the delivery of drugs or genetic materials,
leveraging the hydrophobic pocket to facilitate efficient cargo
loading.'*>"'® Vesicular nanostructures can be transformed from
a fibrillar network upon dilution, which showed a higher cellular
uptake.'® Nanofibers and nanotubes exemplify the anisotropic
growth of the assembly, often resulting in gelation."”>'%” Gel scaf-
folds are valuable in biomedical applications and piezoresponsive
materials, owing to their directional array of polar functio-
nal groups throughout the peptide chain.’*®' Furthermore,

Nanofibers

Nanotubes
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a-Helix Random coil

nanoribbons and nanosheets are advantageous in catalysis due
to their high surface area and active site exposure.’*""* The
potential of these nanostructures for loading and functionality is
practically infinite.""* Due to the wide versatility and adjustability
of peptide self-assemblies, peptides are a potential material for
driving innovation across various scientific and technological
realms. Lastly, a clear difference between secondary structures
and nanostructures can be pointed out in such a way that:
Secondary structures are local conformations within the peptide
chain, stabilized primarily by H-bonding at the molecular level,
which determine the peptide’s basic functional properties and
folding. In the case of peptide nanostructures, these are larger
assemblies formed from multiple peptides that organize into
specific shapes. These nanostructures also contribute to the
material’s overall macroscopic properties and potential applica-
tions. It is noteworthy that, while there is no direct correlation
between the nano- and secondary structure formation of self-
assembled peptides, both play a pivotal role in controlling the
material properties.

2.3. Factors affecting the peptide self-assembly

The secondary and associated nano-structure of the peptide
assembly are significantly influenced by various stimuli such as

Micelles

Nanoribbons

Vesicles
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pH, light, temperature, redox and environmental conditions in the system becomes protonated at pH 5.5, leading to electro-
of the systems.**''* Peptides are frequently decorated with static repulsion and the destabilization of the self-assembled
pH-responsive functional units such as free amines or acids, structure. Tanaka and co-workers demonstrated that another
in their side chains and at the C-/N-terminus, making them peptide consisting of cyclic o,0-disubstituted o-amino acid (dAA)
susceptible to pH stimuli. The alterations in H-bonding and undergoes a transformation from a cyclic acetal to an acyclic dAA
salt bridge interactions occur as a result of the protonation and at low pH, and the corresponding secondary structure also
deprotonation processes linked with pH fluctuations. In this transformed from the o-helix to a random coil."** In a separate
regard, we demonstrated that by incorporating Asp and Lys as  study, we demonstrated how pH influences the secondary struc-
pH-responsive units, the secondary structure and self-assembly ture and the corresponding morphology. Under physiological pH
of an octapeptide (FALDLAKD) can be modified at three differ- conditions, the octapeptide was found to adopt a B-sheet struc-
ent pH levels (Fig. 2).*> At a physiological pH of 7.4, this peptide  ture, accompanied by the formation of a nanofibrillar architecture
formed a hydrogel characterized by a fibrous nanostructure and  (Fig. 3). The secondary structure was shown to be stable at pH 13,
a rich B-sheet structure. This -sheet structure was observed to  but morphological modifications to fractals were seen as a result
be disrupted under acidic conditions (pH = 5.5) or basic of dewetting processes and increased fibrillar overlap. Conversely,
conditions (pH = 9 or 12), as confirmed by CD spectroscopy. at a lower pH of 5.5, the assembly was disrupted, as indicated by
The transformation of the self-assembled hydrogel was verified the absence of circular dichroism (CD) signal and the presence of
through TEM analysis, revealing a shift from its original nano-  short nanorod structures.** The self-assembly process of peptides,
fibrous structure to an irregular nanostructure when exposed to  primarily guided by diverse noncovalent interactions, can be
acidic or basic pH conditions. It has been hypothesized that regulated by changing the temperature. Elevated temperatures
alterations in pH levels, either lower or higher, result in the cause the destabilization of various interactions by the supplied
protonation or deprotonation of functional groups, causing energy, occasionally leading to the degradation of the self-
an increase in electrostatic repulsion within the entire system. assembled state. Nevertheless, a noteworthy increase in hydro-
In a different peptide system (CLRVRGEV), we observed the phobic interaction sometimes results in the formation of higher-
breakdown of the B-sheet secondary structure as the pH transi- order aggregates. A diphenylalanine (FF) peptide was found to
tioned from 7.4 to 5.5 (Fig. 2)."° The fractal-like nanostructure exist in monomeric state at an elevated temperature of 90 °C;
of the peptide underwent a conversion to a spherical morphology however, lowering the temperature leads to the formation of
when transitioning to a lower pH. The arginine (Arg) unit present nanowire-like structures in an acetonitrile/water mix solvent.'*
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Fig. 2 (a) Molecular structure of the pH-responsive octapeptide and (b) corresponding pH-responsive CD spectra demonstrating the disruption of the
B-sheet secondary structure as pH shifts towards acidic or basic conditions. (c) HR-TEM image of the peptide at pH 7.4 showing entangled nanofibrillar
morphology (scale bar = 500 nm). The HR-TEM image indicates the changes in the self-assembled nanostructure when moved to (d) basic (scale bar =
1 um) and (e) acidic pH (scale bar = 200 nm). Adapted with permission from ref. 45, Copyright 2019 American Chemical Society. (f) Molecular structure of
another pH-responsive peptide. (g) CD spectra of the pH-responsive peptide showing B-sheet formation at neutral pH (7.4), which is disrupted at acidic
pH (5.5), while a more twisted B-sheet structure forms at basic pH (13), as indicated by the red-shifted CD spectrum. Corresponding different
nanostructure formations at different pH conditions: (h) pH = 7.4, (i) pH = 13, and (j) pH = 5.5. Adapted with permission from ref. 46, Copyright 2020
Beilstein Institute for the Advancement of Chemical Sciences.
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Elastin-like polypeptides (ELPs) remain as monomers at room
temperature, but as the temperature increases, the heat energy
triggers the assembly process due to hydrophobic interaction.'*”
In a polar solvent, the hydrophobic activity initiates the formation
of the micellar nanostructure. Hamley and co-workers have shown
that an amphiphilic peptide C16-KKFFVLK gets self-assembled
into a nanotube and helical ribbon under ambient conditions.
Remarkably, at a transition temperature of 55 °C, the nano-
structure transforms into twisted nanotapes. Moreover, it under-
goes a reversible transition back to its original structure upon
cooling.’® We have demonstrated that the self-assembly of an
octa peptide is also temperature-responsive (Fig. 3). A two-fold
increase was observed in the CD signal, indicating the transition
to a strong, well-defined B-sheet structure within the system.
Significant nanostructural changes were observed, transforming
from nanofibers to 2D nanosheets due to increased hydrophobic
interactions, accompanied by robust m-n stacking and H-
bonding.**"*®'? The effects of solvent polarity and H-bonding
capability also affect the peptide self-assembly process. Ueda and
colleagues have illustrated the influence of co-solvents (EtOH
and ACN in H,0) in the self-assembly of an amphiphilic peptide
{PSar;o-(i-Leu-Aib)s(S30L12)}-*” A morphological transformation
was observed from twisted nanoribbons to nanotubes in the
EtOH/H,O mixture. These twisted nanoribbons were the kinetic
trapped state, which act as primary precursors and evolved into
the nanotube considered to be the thermodynamic state by a
rapid rolling-up process. It was believed that ethanol (EtOH)
molecules formed the H-bonded networks with water molecules,
removing water from the hydrophobic hydration shell. This
process strengthens the interactions between the peptide units.
Das and colleagues demonstrated a morphological change in a
perylene diimide-conjugated peptide (PDI-peptide) by altering
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the solvent polarity.'** In non-polar solvents such as tetrahydro-
furan or chloroform, the peptide assembled into a nanofibrillar
structure. Conversely, in polar solvents such as acetone, acetoni-
trile, methanol, and hexafluoro-2-propanol, it adopted a sphe-
rical structure. Interestingly, the PDI-peptide conjugate
maintained a right-handed helical structure in both nanostruc-
tures, irrespective of the solvent polarity.

Change in the redox states can also serve as a key parameter
in mediating the assembly of peptides. Shi and co-workers
showed a gel-to-sol transition by the help of redox process in
a thiol-rich peptide."”" Upon oxidation, the formation of the di-
sulphide bond leads to an amphiphilic B-hairpin conformation
and subsequently assembled into a rigid hydrogel. A gel-to-sol
transition was found upon reduction due to the breaking of the
disulphide bond. Light is recognized as a crucial stimulus
capable of influencing assembly behaviour and serving as a
fuel in the chemistry of peptide-based systems.'” Parquette
and his team explored the impact of light on a tetrapeptide
adorned with a light-responsive unit, spiropyran.'>® Upon
exposure to visible light, this peptide undergoes a transforma-
tion leading to transient self-assembly and eventual gelation in
the TFA/H,O mix solvent. However, upon removal of the light
source, the peptide reversibly comes back to its monomeric
state. Visible light causes the formation of metastable spiro-
pyran state and undergoes assembly into nanofibers, which got
thermally relaxed into merocyanine state in the absence
of light.

The peptide concentration significantly influences the pack-
ing in the self-assembled state. In a recent study, we have
shown concentration-dependent adaptation of the secondary
structure of a pH-responsive octapeptide (with the sequence
FLLDAAKD).** At a concentration of 0.5 mM (pH = 7.4), the
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Fig. 3 Molecular structure of an octapeptide, along with a schematic illustrating the controlled transformation of both secondary and nanostructures in
response to various stimuli. Adapted with permission from ref. 44. Copyright 2022 Wiley-VCH.
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peptide exhibited an enrichment of B-sheet structure (Fig. 3). In
sharp contrast, the secondary structure changed to a random
coil when the peptide was diluted to 0.05 mM, as evident from
the CD and FTIR spectroscopic studies. The alteration in
concentration not only impacts the secondary structure but
also influences the nanostructure of the system. The nanofi-
brillar morphology gets transformed into nanoparticles at low
peptide concentrations. Increased peptide concentration allows
for closer contact, fostering stronger intermolecular interac-
tions and resulting in a B-sheet structure. Conversely, intra-
molecular forces primarily drive the formation of a random coil
structure at lower concentrations.***

The presence of noncovalent interactions in the system
makes the peptides promising candidates for investigating
the reversibility of their assembly. The change in pH has been
shown to reversibly influence the nanostructure, transitioning
it from nanorods to nanoparticles."** In addition to enabling
interchangeable nanostructures, pH can also affect the assem-
bly and disassembly of the peptide network.'*” It has also been
known that certain peptides can switch between the nematic
gel phase and isotropic fluid state through pH."”® Stupp and
colleagues have studied the reversible self-assembly of peptide-
DNA superstructures. Both theoretical and experimental find-
ings indicated a large-scale spatial arrangement of the small
molecular units, driven by strong noncovalent forces."*”

There are several other factors such as the presence of metal
ions, the ionic strength and the presence of enzymes, which
play a significant role in altering the secondary or nanostruc-
ture of the peptide self-assembly.*®*

3. Applications of peptide-based
self-assembled nanomaterials

Peptide-based self-assembled systems are a crucial category of
materials with applications in chemistry, biology, and material
sciences.”*?® In contrast to individual peptides, the advan-
tages of self-assembled peptides lie in their highly organized
and precisely controlled supramolecular structures, character-
ized by excellent thermal and mechanical stability."*®'*® In
addition to natural peptides, hybrid synthesized peptides with
diverse chemical functionalities exhibit a wide range of appli-
cations in semiconductor devices, piezo-responsiveness, and
optoelectronics.'*®'?° Every peptide system, with its unique
aggregation method, gives rise to a variety of tunable secondary
and corresponding nanostructures, and has a crucial impact on
specific application fields. A detailed discussion of the distinc-
tive features and excellent biocompatibility of these self-
assembled peptide-based systems, along with their applications
in various fields, can be found in the subsequent section of this
review.

3.1. Peptides as energy harvesters (piezoresponsive materials)

Out of all renewable energy harvesting processes, piezoelectric
energy harvesting stands out as particularly convenient for
directly converting mechanical energy into electrical output

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 Schematic representation of the positive piezoelectric effect.
Left: Random dipole orientation under ambient conditions. Right: Dipoles
are aligned in an orientated fashion under stress that resulted in charge
separation at the two ends of the material.

(Scheme 4)."*° Piezoelectric materials constitute a distinct
category of substances that can transform mechanical stress
into electrical output, and conversely, this holds true as well.
These materials have broad applications in piezotronics, sensors,
actuators, and transformers, serving as an energy harvesting
system.>®1?8131132 There are several benchmark piezoelectric
materials with non-centrosymmetric space groups, which include
lead zirconate titanate, zinc oxide, barium titanate, and molybde-
num disulfide. The generation of piezoelectricity in this inorganic
system stems from rearranging ions within a dielectric material
lacking inversion symmetry in its crystal structure."”® However,
their metal-associated toxicity restricts applications in biological
fields. Furthermore, their processing frequently demands high-
temperature techniques and solid-state synthesis methods with
constrained control.”***° A well-recognized subset within this
domain includes biomaterials such as proteins (specifically col-
lagen) and viruses. The presence of numerous H-bonds aligned in
a specific direction results in a macroscopic dipole that can
interact with external electric fields or which can be influenced
by applied forces, leading to the generation of a piezoelectric."*’
The obstacles associated with natural piezoelectric materials, parti-
cularly their low piezoelectric constants, have prompted significant
strides in the progress of synthetic biocompatible piezoelectric
materials. Within a synthetic system, peptides emerge as the most
analogous component, offering the potential for realizing piezo-
electric responses through the alignment of H-bonding dipoles
in a specific direction."**™** The application of mechanical
stress induces polarization in the organic system as a result of
the reorientation of these dipoles, leading to a piezoelectric
response.'*® Arranging the peptide in a specific order holds great
promise for achieving piezoelectric response by ensuring the
proper orientation of the functional groups. Within this frame-
work, diphenylalanine (FF) has been extensively researched. Yang
and co-workers successfully surmounted the significant challenge
posed by random polarization in the self-assembled state."*” They
demonstrated a seeded self-assembly technique under an applied
electric field to form microrods of FF from a water solution at an
elevated temperature of 55 °C (Fig. 4a and b). FF crystallizes in a
chiral P6, space group, featuring directional polarization aligned
with the applied electric field. The alignment of electrical polari-
zation depends on whether the electric field is applied parallel
or antiparallel to the substrate surface normal. The piezo force
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Fig. 4 (a) Schematic showing the control growth of FF dipeptides under a
controlled polarization direction. (b) Microscopic cross-sectional view of
arrays of the FF dipeptide showing unidirectional nanostructure formation
of the FF dipeptide. (c) Schematic of an FF dipeptide-based generator.
(d) Open circuit voltage and (e) short circuit current obtained as output
from the microrod peptide-based generator. Adapted with permission
from ref. 147. Copyright 2016 Springer Nature.

microscopy (PFM) technique was utilized to probe the polarization
phase at the two opposing surfaces of the microrods, determining
whether it is inward or outward. The even distribution of surface
charge at the tip of the microrod was additionally validated by a
Scanning Kelvin Probe Microscopy (SKPM) study. A significantly
higher piezoelectric coefficient dz; = 17.9 pm v~ ! was found in this
system. The substantial rise in the piezoelectric coefficient and
dipole strength was attributed to the electric field-induced stretch-
ing of the peptide backbone during the self-assembly process.
They have also demonstrated the real-time application of this
microrod towards power generation. The nanogenerator showed
the open-circuit voltage (Vo) and short-circuit current (Iy.) of 1.4 V
and 39.2 nA, respectively under an applied force of 60 N (Fig. 4c-e).

Numerous investigations into this specific system, involving
various self-assembly processes and molecular orientations
within the crystal, revealed a wide spectrum of piezoelectric
coefficients, ranging from 5 to 30 pm V~'.'*77"*° Kholkin and
co-workers have shown a temperature control piezo response
modulation on FF nanotubes having an effective d;; value of
30 pm V. The robust polarization resulting from the oriented
H-bonding among the FF monomers deteriorated as the tem-
perature increased, leading to an irreversible phase transition
in the system. As a result of that, PFM responses were also
found to decrease gradually with the rise in temperature.'*® The
same group has also reported a high piezoelectric coefficient
d;5 of 80 + 15 pm V""" The substantial piezoelectric response
was attributed to the pronounced dipole moments of six FF
rings that were uniformly oriented in the same direction."*’
Piezoelectric responses were also found in modified peptide
based on FF. Rodriguez and co-workers have synthesized
fluorenylmethyloxycarbonyl diphenylalanine (Fmoc-FF) nano-
fibrils. The piezoelectric response was attributed to the specific
alignment of H-bonds within the anti-parallel f-sheet structure.
The non-centrosymmetric nature of the p-sheet assembly was
the fundamental reason behind the directional arrangements
of the H-bonded dipolar amide bonds. Chemical modification,
coupled with the presence of a strong antiparallel beta-sheet
structure, resulted in a higher piezoelectric response compared
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Fig. 5 (a) Chemical structure of tripeptides Pro-Phe-Phe and Hyp-Phe-
Phe. (b) Crystal structure depicting the helical packing of Hyp-Phe-Phe
with H-bonding stabilization and an aromatic zipper-like structure. (c) A
comparison output current of three different peptides showing the highest
obtained value for the helical Hyp-Phe-Phe system, indicating the impact
of the hydroxyl group on polarization and corresponding piezoresponse.
Adapted with permission from ref. 140. Copyright 2021 Springer Nature.

to the pristine FF system. A shear piezoelectric constant (d;s) of
33.7 pm V' was found in these nanofibrils."**

Gazit and colleagues have taken another stride towards
emulating the properties of collagen, a widely recognized
biocompatible piezoelectric system.'*® They have modified
the diphenylalanine by introducing hydroxyproline (Hyp), and
for comparison, they conducted a control study using proline
(Fig. 5a). This particular amino acid is present in collagen and
is known to play a significant role in piezoelectric responses.
The single-crystal X-ray diffraction study was used to ascertain
the supramolecular arrangement and intermolecular interac-
tions of these two tripeptides. A minor polar modification such
as the addition of a hydroxy group in this case leads to a notable
alteration in the overall arrangement of the crystals. The
aromatic zipper-like structure formed via the n-m interaction
of the phenyl group of Hyp-Phe-Phe has been demonstrated to
reduce the crystal symmetry and shear stiffness, while simulta-
neously increasing the overall crystal dipole (Fig. 5b). A nearly
two-fold enhancement in the effective vertical piezoelectric
coefficient (ds;;) was detected in the case of Hyp-Phe-Phe
compared to Pro-Phe-Phe. Furthermore, they achieved a
remarkable shear piezoelectric coefficient (ds;4) of 16.12 +
2.3 pm V', surpassing the benchmark inorganic material
LiNbO; (13 pm V™ '). Molecular dynamics (MD) simulation
study provides additional evidence of a robust H-bonding
interaction with a well-balanced electrostatic interaction in
Hyp-Phe-Phe. Finally, both tripeptides were utilized in the
construction of nanogenerators, demonstrating a significantly
higher open circuit potential and short circuit current com-
pared to any other peptide-based system. The presence of
the hydroxyl group has a notable impact in this real-time
application. Pro-Phe-Phe generated a short circuit current (/)
of 52 nA when subjected to a force of 55 N, while Hyp-Phe-Phe
produced a short circuit current (Iy.) of 39.3 nA under a force of
23 N. An overall output current comparison of three different
systems is given in Fig. 5c. The piezoelectric response of the
peptide is not limited in its crystal state. It has also been
observed in its self- assembled state, where proper alignment
of functional planarization of the azobenzene core resulted in
its conversion into a photodormant state. The introduction of
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B-cyclodextrin led to the attainment of a chemodormant state
via host-guest interactions. The photodormant state trans-
formed into nanofibers upon exposure to visible light. Addi-
tionally, the introduction of a stronger binding agent to
B-cyclodextrin and adamantane in the host-guest system resulted
in a similar transformation, akin to the previous process. Internal
alterations in the peptide arrangements during these transitions
brought about changes in their macroscopic properties (Fig. 6a).">*
The highest piezoelectric coefficient of this system was found to be
ds; = 81 pm V', in case of the thermodynamic twisted nanofi-
brous state. The kinetic product (nanofibers) also showed a ds3
value of 7 pm V', whereas the off-pathway dormant nanoparticle
was piezo-silent (Fig. 6b-g). Remarkably, the nanofibers resulting
from the transformation of the dormant state under applied
stimuli exhibited piezoelectric activity. The study demonstrated
that the pivotal directional alignment of the polar amide bond
across the nanostructure led to an on-off piezoelectric response.
The nanofibers showed a piezo-electric energy conversion owing to
the unidirectional array of the amide functional group. In contrast,
the random orientation of the H-bonded amide groups within the
nanoparticle resulted in a piezo-off state. Furthermore, they con-
structed a nanogenerator using the thermodynamic peptide
assembly, which exhibited a promising voltage response of 8 mV
(peak to peak) upon finger tapping.

(a) NHy

On-pathway

metastable state
«
Ssp

Piezo nanogenerator

Chemo Photo

Off-pathway dormant states Sl Kinetic nanofiber

Piezo-OFF «—— —— > Piezo-ON

—_

(=3
-
_

Amplitude (pm) Q.

trans-1 nanofibers (c trans-1 twisted bundle:

4,77 pm/V trans-1  B-CD nanoparticles

d35~81 pm/V.

g

Amplitude (nm)~
&

Amplitude (pm)

0 V

EE] [ [ 16

5

24 45 8 0§ & 16 24 % e .8 0. 8. 18
Applied Bias (V)

Applied Bias (V) Applied Bias (V)
(e) cis-1 < B-CD nanoparticles (f) 2 cis-1 nanoparticles (g) trans-1 cB-CD+Ada | .
150 = £ nanofibers

= £ =

£ S < ¢ d3,~9 pm/V

re 3 t S

3 2 2

3 = 2 15 z
£~ | :

E o 9 o

24 46 © 0 & 16 24 /R T T S S R} E S J S B

Applied Bias (V) Applied Bias (V) Applied Bias (V)

Fig. 6 (a) Graphical representation of the peptide chemical structure and
its pathway complexity in supramolecular polymerization under different
control methods. (b)-(g) PFM amplitude loops for distinct aggregated
states, highlighting the highest piezo-response observed in thermodyna-
mically controlled twisted nanofibers, also indicating effective orientation
of the dipoles in the fibrillar arrangement. Adapted with permission from
ref. 153. Copyright 2022 American Chemical Society.
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A dipeptide based on phenylalanine, N-protected by tri-3,4,5-
(n-dodecyloxy)benzoic acid, and C-protected by an amino-
methyl pyrene unit has been recently reported by Bhattacharya
et al.*** This specific versatile system resulted in the formation
of an organogel in toluene, exhibiting a nanofibrillar network
structure. The dipeptide followed an isodesmic polymerization
pathway, as revealed by the temperature-dependent absorption
study. In the cooling process, it adopted a nanofibrous struc-
ture at 30 °C, observed to exhibit circularly polarized lumines-
cence (CPL) with a gium value of 3.0 (% 0.2) x 1073, The
piezoelectric response represents a kinetically stable state.
Subsequent cooling to 10 °C led to transformation into a
thermodynamically stable 2D nanosheet (Fig. 7a). These nano-
fibrous aggregates were assessed by performing a PFM analysis
for both the kinetic and thermodynamic states (Fig. 7b). In the
kinetic state, a piezoelectric coefficient (ds3) of 64.1 pm V™' was
observed, in contrast to the thermodynamic state that displayed
a notably higher value of 75.9 pm V™" (Fig. 7c). The heightened
piezoresponse was attributed to the enhanced alignment of the
dipole moment and the one-directional characteristic of the H-
bond, strengthened by the chiral arrangement of the n-stacked
pyrene unit.

Very recently, we have demonstrated a multi-responsive -
chromophore conjugated peptide self-assembly towards chir-
optical switching and controlled piezo-response behaviour. The
amphiphilic tetrapeptide appended with an NDI chromophore
gets self-assembled into kinetically controlled short nanorods
or nanoparticles depending upon the solvent environment,
depicting the kinetic state of the system (Fig. 8a-c). This kinetic
state further evolves into a stable thermodynamic state with
crosslinked nanofibrillar architectures through processes such
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Fig. 7 (a) Qualitative energy diagram and corresponding AFM images

indicating the formation of different self-assembled states of the peptide

at different temperatures. PFM amplitude loop of (b) the fibrillar nanos-

tructure and (c) 2D-sheet. Adapted with permission from ref. 154. Copy-

right 2023 Wiley-VCH.
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Fig. 8 (a) Chemical structure of the multi-responsive NDI n-chromophore-appended tetrapeptide. AFM images of (b) the kinetic state (KS) display a
nanoparticle morphology, which evolves into the (c) thermodynamic state (TS) characterized by cross-linked nanofibrillar architectures. PFM (d) and (e)
amplitude-voltage butterfly loop (off state) and phase-voltage hysteresis loop (off state) obtained for the KS respectively. PFM (f) and (g) amplitude-
voltage butterfly loop (off state) and phase-voltage hysteresis loop (off state) obtained for the TS respectively. Adapted with permission from ref. 155.

Copyright 2024 Royal Society of Chemistry.

as increased temperature, denaturation, and co-solvent assis-
tance. It was also observed that the CD signal corresponding to
the peptide assembly reversed as it transitions from the kinetic
to the thermodynamic state, indicating a change in the pepti-
de’s helical sense during packing. As a result of the nanostruc-
tural transition from nanoparticles to long-range nanofibers, a
significant change in the long-range ordering of the amide
H-bonds was anticipated. This led to a transition from the piezo
off-state to the piezo on-state, as evidenced by the butterfly loop
opening in the thermodynamic state (Fig. 8d-g). This study
demonstrated the importance of packing of the peptide units
and corresponding nanostructure formation towards modulat-
ing the piezo-responsiveness of a particular system.">>

The advantages of peptide-based piezoelectric systems are
biocompatibility and biodegradability. Using sensor-based
devices for monitoring the human body is a crucial component
that contributes to improved healthcare. In this regard, piezo-
electric nanomaterials are important, as they can efficiently
diagnose diseases.">* Therefore, the rational design of convert-
ing mechanical energy into electrical power serves as a valu-
able energy source for various microelectronic applications.
Researchers have explored the use of these biocompatible
piezoelectric materials for potential applications in implanta-
ble medical electronics (IMEs), including cardiac pacemakers,
active pressure sensors, and devices designed for the direct
stimulation of tissues and living cells. Organic piezoelectric
materials using peptides possess advantageous features such as
biocompatibility, affordability, lightweight construction, and
flexibility. Nevertheless, there are various challenges associated
with the real-time application of such systems. Detailed mecha-
nistic studies of these biomaterials are essential. Molecular

290 | Nanoscale Horiz., 2025, 10, 279-313

dynamics (MD) simulations can contribute significantly in this
regard by aiding in the comprehension of peptide packing and
the generation of piezoresponse in these materials. Exploring
the conductivity and semiconducting characteristics of
such systems is essential for advancing modern devices across
diverse fields.

3.2. Catalytic activity of peptides

Catalysis is a fundamental chemical process in which a reaction
is accelerated by the addition of a mediator that is not con-
sumed in the reaction. Catalysts can be classified based on
their phases as either homogeneous (in the same phase as the
reactants) or heterogeneous (in a different phase). It is also
integral to numerous industrial processes such as petroleum
refining, pharmaceutical manufacturing, food production, and
environmental applications."****® Among the various bioactive
molecules that show catalytic activity, peptide is one of the
promising candidates because of its various advantages. The
benefits associated with peptides, include a wide range of
biological activities, high specificity and low side effect when
developing new drugs, ease of synthesis via different routes,
and structural diversity for customized applications. Their
ability to mimic enzymes and perform specific reactions effi-
ciently and selectively holds significant promise for future
applications and research.’®** Depending on the various
functional moieties associated with synthetic peptide units,
they can serve as catalysts for a range of reactions such as
hydrolysis, coupling reactions and redox reactions.

Das et al. investigated a short amyloid peptide capable
of binding with a small molecular coenzyme, which can then
polymerize and form catalytically active nonequilibrium
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amyloid microphases.'®® It was demonstrated that a short
amyloid-based hepta peptide (Im-KLVFFAE-NH,) with an imida-
zole moiety for hydrolytic competence and an amine group for
forming a dynamic covalent imine bond interact through dynamic
covalent linkage with a negatively charged low-molecular-weight
ester ((2-(4-formylphenoxy)-2-oxoethanesulfonate) (AS) to form
nonequilibrium amyloid polymers (Fig. 9). By degrading the ester
and thereby giving a negative feedback to their assembly process,
the polymers exhibit covalent catalysis, which leads to depolymer-
ization. Through mixing them in various molar ratios (40% v/v,
DMSO/HEPES buffer, 100 mM, pH 7), the ester’s capacity to
promote Im-K’s self-assembly was examined. Interestingly, the
mixture of Im-K (4 mM) and AS (8 mM) in a molar ratio of 1/2
quickly became viscous and eventually produced gel after
10 minutes. After 360 minutes of stability, the gel gradually
weakened and underwent a gel-to-sol transition. The nonequili-
brium self-assembled state shows selective hydrolysis of two
charged substrates, p-nitrophenyl esters of positively charged
betaine (PS) and negatively charged sulfoacetic acid (NS). These
findings showed that dynamic catalytic competency switching was
present on the surface of the non-equilibrium assemblies. The self-
assembly of nucleic acid and peptide was investigated by Ding
et al.'®* The assembly with hemin as a cofactor forms catalytic
nanoparticles that mimic enzymes and have customizable activi-
ties. Using the Autodock program, they demonstrated how the 32
His-containing peptide molecule (H32) can approach the folded,
guanine-rich DNAzyme-I (GGGTAGGGCGGGTTGGG; Dzl) from
multiple angles, proving the shape complementarity between the
two species. van der Waals force was found to be the driving force
behind the DzI/H32 self-assembly, which was realised through
molecular dynamics (MD) simulation studies. The complexation of
hemin with H32 and DzI was successfully demonstrated by the
elemental mapping and scanning transmission electron micro-
scopy (STEM) imaging. To comprehend it further, the organization
of the assembly was investigated by a UV-vis spectroscopic study.
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Fig. 9 Diagram illustrating the chemical structures of the peptide
sequences utilized and the nonequilibrium polymerization of short amy-
loid peptides fueled by a negatively charged activated ester. The short
peptides use a dynamic non-covalent linkage to interact with the
negatively charged low-molecular-weight esters. B-Strands are repre-
sented by arrows. Adapted with permission from ref. 163. Copyright
2022 American Chemical Society.
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Fig. 10 Schematic shows the self-assembly of the hybrid system con-
sisting of the His-rich peptide and Guanine-rich nucleic acid into a ligand
environment for hemin (cofactor). The coordination, catalytic character-
istics and activation mechanism of hemin are shown. Adapted with
permission from ref. 164. Copyright 2017 American Chemical Society.

Compared to self-assembled systems containing only nucleic acids
or peptides, the self-assembled nanoparticles incorporating hemin
as a cofactor exhibited significantly higher peroxidase-mimicking
activity in the oxidation of various reducing substrates. The
catalytic efficiency was found to be similar to that of myoglobin,
and peroxide’s turnover number approached that of natural
peroxidase. The hybrid nanoparticles’ functionality was largely
attributed to the roles of hemin (a His-rich peptide), which
facilitated catalysis by providing activation of the functional
groups, and the guanine-rich DNA aids in hemin coordination
(Fig. 10).

Metal composites, particularly those of gold and silver, have
recently been created using peptides and proteins that serve as
reducing and stabilizing agents.’®® The size, composition,
arrangement, and self-organization of gold nanoparticles deter-
mine their potential uses.'®*'®” Biocompatible and physico-
chemically advantageous self-assembling biomolecules such as
oligonucleotides, proteins, and peptides have gained a lot of
interest in the development of metallic composite nanoparticles.'®®
Peptides possess the capacity to adjust the physicochemical char-
acteristics of metals and manage their size during the complexation
process. In addition to serving as stabilizers and reducers for gold
nanoparticles, peptide building blocks can also be used as
a template to synthesize gold nanoparticles within a composite
material."®

Hauser and coworkers presented a simple method for
fabricating gold peptide nanoparticle (GPNP) hybrid compo-
sites using the UV-assisted self-assembly of the peptide AcIVFK-
NH, and gold salt, eliminating the need for extra capping or
reducing agents through a photochemical reduction technique.
Through this, they proposed an environment friendly, biologi-
cally sound, straightforward, and mechanistically understand-
able method for the catalytic reduction of pollutants instead of
employing inorganic reagents in the synthesis of gold nano-
particles. The peptide’s photoionization activity resulted from
the aromatic residue’s exposure to UV light, which allows the
reduction of gold ions. The peptide simultaneously functioned
as a capping, stabilizing, and reducing agent. Gold nano-
particles dispersed on peptide nanofibers had an average size
of 5.16 nm. Additionally, it has been observed that gold-peptide
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Fig. 11 Chemical structure of the tetramer peptide and the UV-assisted
fabrication of GPNP composites (254 nm). The catalytic activity of GPNPs
for the reduction of the small-molecule pollutant p-nitrophenol to the
least toxic compound p-aminophenol, and the formation of p-amino-
phenol was detected simultaneously at around 400 nm, which indicates
the catalytic activity of GPNP composites. Adapted with permission from
ref. 170. Copyright 2022 American Chemical Society.

composites can rapidly reduce the small-molecule pollutant
p-nitrophenol to p-aminophenol (Fig. 11); the catalytic reaction
rate constant was 0.057 min ' at a 50-fold diluted sample
of 2 mg mL™" and 0.72 mM gold concentration in the com-
posites."”® Nevertheless, since the conversion of the organic
pollutant took place in two minutes when they used peptide-
gold nanocomposites without dilution, the rate of reaction
depended on their concentration. These peptide-metal hybrid
composites, synthesized by an eco-friendly method, will pave
the way for new advancements in environmental applications
and biocatalysis.

The solid-phase peptide method with microwave assistance
was used to synthesize cyclic-dihistidine (cyclo-HH). This was
employed as a component in the construction of a hydrolyti-
cally active nano-superstructure based on the supramolecular
assembly. Cyclo-HH was combined with ZnlI, in a regulated

cyclo-HH

cyclo-HH-Znl, nanocrystals
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hydrothermal environment to facilitate self-assembly, which
led to the formation of nanostructures (Fig. 12). X-ray crystal-
lography analysis and all-atom MD simulations were used to
study the self-assembly mechanism of cyclo-HH and zinc iodide
(cyclo-HH-Znl,). With remarkable stability and recyclable nat-
ure, the cyclo-HH-Znl, nanowires demonstrated hydrolytic
activity. The hydrolytic activity of the cyclo-HH-ZnI, nanowires
was investigated using p-nitrophenyl acetate hydrolysis as a
probe reaction. By tracking the time-dependent absorbance
changes of the reaction product, p-nitrophenol, at 405 nm,
the hydrolysis activity of cyclo-HH-Znl, nanowires toward
p-nitrophenyl acetate was examined. The cyclo-HH-Znl, nano-
wire catalyst was found to be capable of ester hydrolysis, as
evidenced by the colorless p-nitrophenyl acetate solution turn-
ing yellow to signify the formation of the reaction product,
p-nitrophenol. This was an interesting finding about the cap-
abilities of cyclo-HH-ZnlI, nanowires. Moreover, a clear increase
in the reaction rate was observed with the increase in cyclo-HH-
Znl, nanowire concentrations. Excellent catalytic activity
was demonstrated by Cyclo-HH-Znl, nanowires towards two
additional ester substrates: 4-nitrophenyl butyrate and 4-nitro-
phenylvalerate.'”* Beyond providing a more reliable and effec-
tive substitute for commercial and scholarly enzymatic cataly-
sis, the creation of an enzyme-inspired peptide supramolecular
catalyst is anticipated to provide a deeper understanding of the
native enzyme’s genesis.

A supramolecular catalytic system by the self-assembly of
small peptides on the surface of gold monolayer-protected
clusters (Au MPCs) was synthesized by Prins et al.'”> They
demonstrated how histidine-containing peptides H1-H3 self-
assemble on AuMPC1’s surface, initiating their esterolytic
activity and producing nanostructures that accelerate the reac-
tion rate 100 folds (Fig. 13). Since the peptides were completely

cyclo-HH-Znl, nanowire

Fig. 12 Design of a nano-superstructure based on the supramolecular assembly of a dihistidine containing a cyclic peptide and zinc iodide, which mimic
the molecular structure of carbonic anhydrase Il's active site. Adapted with permission from ref. 171. Copyright 2021 Wiley-VCH GmbH, Weinheim.
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Fig. 13 Self-assembly of peptides HO—H3 on the surface of an Au MPC,
followed by the formation of H,/Au MPC complexes that (x = 1-3) that can
catalyze the transesterification of the substrate Cbz-Phe-ON. Adapted
with permission from ref. 172. Copyright 2012 American Chemical Society.

inactive as catalysts in the absence of Au MPCs, self-assembly
was a crucial prerequisite for catalysis to take place. Signifi-
cantly, adjusting the catalytic activity is greatly aided by fluor-
ophores used to study the binding of peptides to Au MPCs1
through fluorescence titrations. The p-nitrophenyl ester of N-
carboxy benzyl phenylalanine (Cbz-Phe-ONP) was trans-
esterified to assess the catalytic activity of the developed
systems. The peptides H;-H; at their respective surface satura-
tion concentrations and a solution of Au MPC in 9:1 H,0/
CH;CN buffered at pH 7.0 at 37 °C were combined with the
substrate (10 pM) to perform kinetic experiments. They found
that the cleavage of Cbz-Phe-ONP was accelerated by at least
two orders of magnitude in all cases of the complexes H;_3;/Au
MPC. Furthermore, a 20-fold increase in the hydrolysis rate was
seen upon the straightforward addition of Au MPC to Cbz-Phe-ONP.

Knecht et al. presented a novel idea for the development of
multifunctional nanoparticle ligands that produce single nano-
particle cascade catalysts through the use of biomimetic tech-
niques. In order to create a multistep catalytic nanoparticle
system, biomolecules were designed by incorporating Au nano-
particle binding domain (AuBP1) and a catalytic domain
(CPN3), resulting in either AuBP1-CPN3 or CPN3-AuBP1, two
distinct peptide ligands (Table 1). The catalytic CPN3 domain
was located at the C-terminus in the first example, and the Au-
binding AuBP1 domain was located at the N-terminus. The two
domains were inverted for the latter sequence. A 4-glycine
spacer was added in between the two distinct domains in both
instances. Following the synthesis of the two chimeric peptides,
QCM was used to determine both their affinity for Au and that
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Fig. 14 Scheme showing the Tandem catalysis in bio-interfaces. The
multistep reaction is driven by the binding of catalytic peptides to Au
nanoparticles. Right side is the diagram of multicomponent peptide. The
peptide interface stimulated the hydrolysis of 4-nitrophenyl acetate to
produce 4-nitrophenol. The multistep activity was then demonstrated at
the Au surface by converting this intermediate to 4-aminophenol. Adapted
with permission from ref. 173. Copyright 2023 American Chemical Society.

of the catalytic CPN3 peptide. After confirming the chimeric
peptides’ ability to form nanoparticles, their catalytic reactivity
was examined. Using only the peptides, the hydrolysis of 4-
nitrophenyl acetate to 4-nitrophenol, the first reaction of the
tandem process, was investigated. The reactivity of the peptide
ligands for the first step of the tandem reaction was clarified,
and then the catalytic activity of the underlying Au core for the
second step of the reduction of 4-nitrophenol to 4-aminophenol
was investigated (Fig. 14). After the hydrolysis of 4-nitrophenyl
acetate and 4-nitrophenol reduction was confirmed, the tan-
dem reactivity of AuBP1-CPN3-capped Au nanoparticles was
investigated. No further investigation was conducted into the
reactivity of the CPN3-AuBP1-based system for the tandem
reaction, as it showed minimal reactivity for 4-nitrophenyl
acetate hydrolysis.'”®> Bedford et al. employed eco-friendly
methods to synthesize peptide-promoted catalytic Au nano-
particles (PEPCANs) and used a combined experimental and
computational approach to study the sequence-dependent
structural relationships of Au NPs. Their findings indicated
that the catalytic activity varies based on the peptide’s inter-
action with the Au surface, surface disorder, and the amount of
exposed Au, influencing the reduction of 4-nitrophenol.’”*
Banerjee and Das et al. developed a cladding technique
using covalent organic frameworks (COFs). It has also been
shown that these co-assemblies could function as catalysts in

Table1 Peptide ligands and the corresponding peptide sequences that produced single-nanoparticle cascade catalysts. Adapted with permission from

ref. 173. Copyright 2023 American Chemical Society

Name Sequence AG (k] mol™) Diameter (nm)
CPN3 DLRSCTACAVNA —28.7 £ 0.9 4.1 £0.8
AuBP1 WAGAKRLVLRRE —40.7 £ 2.1 3.1+0.7
AuBP1-CPN3 WAGAKRLRREGGGG-DLRSCTACAVNA —28.6 + 1.0 2.7 £0.7
CPN3-AuBP1 DLRSCTACAVNAGGGG-WAGAKRLVLRRE —27.4+ 1.6 2.8+ 0.8

This journal is © The Royal Society of Chemistry 2025
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organic solvents. The process produced a uniform dispersion of
peptide nanotubes within the COF backbone, and a potent
noncovalent interaction kept the peptides from leaking out of
the COF. Fmoc-based solid-phase synthesis was utilized to
create peptide-amphiphiles (C10FFVK and C10FFVR) functio-
nalized with decanoic acid. Homogeneous nanotubular struc-
tures were produced by the C10FFVK and C10FFVR peptide-
amphiphiles self-assembling in 40% acetonitrile/water (0.1%TFA)
for 30 days. The peptide-amphiphile nanotubes C10FFVK demon-
strated enzyme-like characteristics and effectively catalyzed the
cleavage of C-C bonds in a buffer medium with a pH of 7.5, using
interfacial crystallization (IC). They have also synthesized TpAzo-
C10FFVK and TpDPP-C10FFVK nanotubular structures via COF
cladding (Fig. 15). The armoured peptide nanotube’s high stability
and ease of separation allowed for up to ten cycles of C-C bond
cleavage catalysis.'”®

Dai et al. demonstrated how azobenzene-terminated peptides
(Azo-GFGH) could self-assemble on the surface of B-cyclodextrin-
capped gold nanoparticles (AuNP@CDs) to produce a cascade
catalyst (AuUNP@CDs-Azo-GFGH) with dual-catalytic sites. The pep-
tide assembly disintegrated when exposed to UV radiation because
of the photoisomerization of the azobenzene molecule. By using
AuNP@CDs as a catalyst and NaBH, as a reducing agent, the
hydrolysis product 4-nitrophenol can be reduced to 4-amino-
phenol (Fig. 16). The catalyst combines hydrogenation and ester-
ase activities in a single pot, a process known as photo-switchable
cascade catalysis.'”®

Koksch et al. presented the first example of a Pep-Au-MPC
catalyst, called Au@E1HS. It combined the esterase and hydro-
genation activities to catalyze two different chemical reactions
in a controlled manner in the same pot. With an excess NaBH,,

(a) Assembly of peptide-amphiphiles:

V\lfQJ:WQ\)L - ) \A Methodol "

C,FFVK

J;EO\* mwn — >§‘
C,,FFVR

(b) TpAzo-peptide nanotube by interfacial crystallization:

HO) Catalysls with TpAzo-C, FFVK:

Fig. 15 Diagrammatic representation of the process: (a) self-assembly of
C10oFFVK and CioFFVR peptides into nanotubes, (b) synthesis of TpAzo-
peptide nanotubes via interfacial crystallization, and (c) catalysis with
TpAzo—-CioFFVK nanotubes. (d) and (e) SEM images, (f) TEM image, and
(9 AFM image of TpAzo—-CyoFFVK nanotubes. Adapted with permission
from ref. 175. Copyright 2023 American Chemical Society.
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Fig. 16 Schematic showing the hydrolysis reaction of 4-nitrophenyl
acetate followed by the reduction of 4-nitrophenol. Adapted with permis-
sion from ref. 176. Copyright 2021 Elsevier Inc.
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Fig. 17 (a) Diagram illustrating the conjugation of the E1H8-peptide chain
to the Au-NP surface. (b) Diagram showing the hydrolysis reaction of
4-nitrophenolacetate to 4-nitrophenol, followed by the reduction to
4-aminophenol using NaBH,4 as a reducing agent and Au@E1H8 as a
catalyst. Adapted with permission from ref. 177. Copyright 2018 Wiley-
VCH GmbH, Weinheim.

the Au-NP surface can act as catalyst under the same reaction
conditions (Fig. 17). A crucial property that nature uses to control
the catalytic activities of enzymes is the self-assembled peptide
monolayer’s ability to mimic the hydrogenation catalyst for the
subsequent reduction of a nitro-containing substrate. The pep-
tide-gold nanoparticle conjugate that was created offers a proof of
concept for the formation of peptide-noble metal catalysts that can
effectively carry out two different reactions in succession in a
single pot."”” The location adjusted the catalytic activity of peptide-
Au-MPCs. Three conjugates of peptide and gold nanoparticles,
which differ only in the catalytic unit location, were examined.
It was discovered that the substrate’s hydrophobicity and the area
where catalysis occurs are related to the rates of catalyzed ester
hydrolysis."”” Over the past decade, peptide catalysts have emerged
as versatile alternatives to enzymes and small synthetic catalysts
for a wide range of reactions, with their modular nature and ease

This journal is © The Royal Society of Chemistry 2025
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of synthesis allowing for simple structural and functional mod-
ifications that enable fine-tuning of catalytic properties."”®
Recently, Shen and coworkers have synthesised molecules of
the form HS-C,,.,-His-Phe (n = 4, 7, 11, 15, and 17) with the SH
group and His-Phe dipeptide in the terminal positions, which
were connected by hydrophobic alkyl chains of different
lengths. This dipeptide molecule helped to catalyze the hydro-
lysis reactions of various carboxylic esters, namely DNPB,
p-NPB, DNPA and p-NPA. Interestingly, multivalent nanofibers
were produced due to the self-assembly of this dipeptide
molecule in aqueous solutions, which was fueled by the
H-bonding and hydrophobic interactions between two His-Phe
dipeptides. The catalytic activity was measured using the Michalis-
Menten kinetics and it was found to increase with the increase in
the chain length between SH group and His-Phe dipeptide.'”®
Peptides have the ability to mimic the enzyme system,
enabling them to facilitate various catalytic processes.'®’
Numerous artificial enzymes based on peptides can exhibit
catalytic activities akin to that of natural enzymes such as
hydrolases, peroxidases, laccases, and aldolases. Aldolases are
enzymes that have a key function in metabolic processes and
which are capable of catalyzing the synthesis or cleavage
of carbon-carbon (C-C) bonds to produce various organic
molecules. In this regard, Wennemers and coworkers showed
that a self-assembled amphiphilic tripeptide (H-D-Pro-Pro-Glu-
NHC;,H,5) mediated asymmetric conjugated addition reac-
tions of aldehydes to nitroolefins in water with high stereo-
selectivity, as opposed to the relatively low stereoselectivity of
its parent tripeptide (H-D-Pro-Pro-Glu-NH,)."®" An important
breakthrough was made by Das and coworkers when they
created an amyloid-like nanotube that could catalyze the for-
ward and retro-aldol reactions. The amphiphile peptide C;,-
FFVK was utilized to form the nanotube with exposed Lys
residues, demonstrating clear catalytic activity in the direction
of the methodol to 6-methoxy-2-naphthaldehyde hydrophobic
interactions. This was the first known artificial retro-aldol
reaction. The high-density array of proximal Lys and Tyr
residues on the surface of the amyloid-like nanotube could be
the result of Fmoc-Tyr molecules adhering to it through an
enzyme made of peptides that was able to catalyze a cascade
reaction involving the cleavage and formation of C-C bonds."**
One common family of copper-dependent oxidases is laccases,
which oxidize various organic substrates by using oxygen as an
electron acceptor. Laccases are therefore frequently used to
break down organic pollutants and have long been regarded as
green catalysts. In natural laccases, the coordination of copper
ions with His and Cys is predominant. He and coworkers used
self-assembled Cys-His dipeptide and copper chloride as a
precursor to hydrothermally synthesise an artificial enzyme
that mimics laccase. The chromogenic reaction involving 2,4-
dichlorophenol and 4-aminoantipyrine was employed to assess
the catalytic capability of the nanocatalyst. This artificial
enzyme demonstrated a higher catalytic activity than that of
laccase."® Using a similar synthetic method, they developed
another artificial enzyme mimicking laccase, this time using
Cys-Asp as the dipeptide precursor instead of Cys-His, and the

This journal is © The Royal Society of Chemistry 2025
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Cys-Asp-based enzyme demonstrated superior catalytic activity
to the Cys-His-based one.'®*

Peroxidases are enzymes that catalyze oxidation reactions
between peroxides and reducing substrates. Yan and coworkers
synthesized peroxidase-mimicking nanozymes by co-assembling
Fmoc-His and hemin, mimicking the heme-His coordination
found in the active site of horseradish peroxidase (HRP). The
enzyme’s peak catalytic performance (FH/hemin = 4:1) was com-
parable to that of HRP."®® He and coworkers used ferrocene (Fc) as
a prosthetic group in place of heme to create an artificial enzyme
based on a peptide that mimics peroxidase. By self-assembling
ferrocene-modified tripeptide (ferrocenyl-Phe-Phe-X), where X stood
for Phe, Asp, His, or Arg, the artificial enzyme was created.'®®
According to research by Korendovych and coworkers, the self-
assembled peptide Ac-VHVHVQV-NH, exhibited peroxidase-like
activity without needing a cofactor. They postulated that the
catalytic activity could be attributed to the substrate’s altered redox
potential following adsorption onto the self-assembled peptides.'®”

Stupp and coworkers created a peptide amphiphile by
combining a short peptide sequence (including two His resi-
dues) with a palmitoyl group. The peptide amphiphile formed
ordered nanofibers with a high aspect ratio. This catalyst
showed significant esterase-like activity in the hydrolysis of
2,4-dinitrophenyl acetate (DNPA)."®® Das et al. reported that the
Im-KLVFFAL-NH, peptide (Im-KL) formed an amyloid nano-
tube. The hydrolysis of ester substrates was facilitated by the
self-assembled nanotube via the establishment of reversible
covalent bonds. The imidazole group and terminally adjacent
Lys residue in the intricately constructed peptide sequence
were visible on the nanotube surface during self-assembly.
The imidazole group hydrolyzed the substrate’s ester bond,
while the Lys residue helped in anchoring the substrate by
forming a Schiff imine. When the Lys residue was swapped out
for Arg, ornithine, or Glu, the self-assembled nanotube’s esterase-
like catalytic activities dramatically decreased.'® Pal and cow-
orkers created two different peptide amphiphiles (Fmoc-VFFAHH
and Cou-VFFAHH) by integrating the amyloid-forming peptide
fragment (VFFA). The Fmoc- and Cou-groups at the N-terminal
were employed as stimuli-response units, and the His residues at
the C-terminal acted as active sites for catalyzing the hydrolysis
reactions. When exposed to external stimuli such as heat, light,
or chemical cues, the two peptide amphiphiles demonstrated
pathway-driven self-assembly behaviours that resulted in various
nanostructures and adaptable esterase-like catalytic activities
directed toward p-nitrophenyl acetate hydrolysis.'*® The aforemen-
tioned group additionally exhibited seed-promoted elongation of
homochiral nanofibers from enantiomeric peptide amphiphiles
(C10-/p-VFFAKK) and chirality-driven self-sorting of the VFFA frag-
ment. This opened up the possibility of creating supramolecular
active sites based on peptides that might have high catalytic stereo-
selectivity and chiral configuration.'*

3.3. Biomedical applications

Self-assembled peptides offer a versatile platform for various
biomedical applications due to their unique properties such as
tunable nanostructures, biocompatibility, and the ability to
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mimic the extracellular matrix. In this section, we describe some of
the key biomedical applications'®>™** of self-assembled peptides,
though detailed biomedical applications of peptides have been
reviewed in recent years.'’?>'971%7 These self-assembled nanoma-
terials provide a versatile and customizable platform for addressing
various challenges in tissue engineering and regenerative medicine.
Their biomimetic nature (mimicking the extracellular matrix) and
the ability to fine-tune their properties make them promising
candidates for developing advanced solutions to promote cell
adhesion, proliferation, tissue repair and regeneration. Ongoing
research continues to explore innovative applications and refine the
design of peptide-based nanomaterials for enhanced clinical
outcomes.'?*'%° Peptide-based nanostructures have attracted con-
siderable attention in the field of drug delivery due to their various
challenges associated with traditional drug delivery, offering
improved targeting, reduced side effects, and increased therapeutic
effectiveness. Ongoing research aims to optimize the biomedical
advantages.

These nanostructures can be engineered to encapsulate
therapeutic agents, protect them from degradation, and enable
controlled release.>'*°°2%° peptide-based drug delivery systems
leverage the unique properties of peptides to enhance the
delivery of therapeutic agents. These systems show promise
in addressing and expanding the applications of peptide-based
drug delivery in various medical contexts.'””?°%?1%211 Along
with other stimuli, pH plays a crucial role in drug delivery
and tissue engineering within self-assembled peptide-based
systems. The pH is particularly significant since it changes
abruptly in the cells affected by various diseases. The drug
molecules are encapsulated within the self-assembled system,
which can subsequently disassemble to release the drug based
on the pH of the affected cell. This approach consistently serves
as a targeted drug delivery agent to diseased cells. It has been
reported that the presence of certain acidic and basic amino
acids enhances the self-assembly process of the system, which
can then disassemble at a specific pH to release the drug at the
target site. In this regard Lei et al. demonstrated a lignin-H
nanoparticle, which encapsulated the drug 10-hydroxycam-
pothecin (HCPT).>'*> Their study demonstrated that nano-
particles of size 30-40 nm could penetrate the cell membrane
and release the drug in the acidic tumor microenvironment,
owing to the presence of imidazole groups in the molecule.
Ghosh et al. also demonstrated that an octapeptide, a double
mutant of Galectin-1, could form a hydrogel that exhibited
pH-responsive behavior in different environments (Fig. 18).*°
This discovery showed that the peptide could encapsulate dyes
at a physiological pH of 7.4, while get disassembled at pH 5.5
under acidic conditions. They demonstrated the biocompat-
ibility of the peptide and its potential as a targeted drug delivery
agent for cancer cells. The presence of free acidic and amine
groups in the peptide facilitated disassembly at pH 5.5, aiding
in drug release. In a recent review, Nisbet et al. discussed the
potential of self-assembled peptide-based hydrogels as effective
drug delivery systems for transporting drugs to cancer cells.”*?
They have demonstrated that chemotherapeutic agents such as
Docetaxel, Doxorubicin, Doxorubicin, Erlotinib, Oxaliplatin,

296 | Nanoscale Horiz., 2025, 10, 279-313

View Article Online

Nanoscale Horizons

Dye

Fig. 18 Molecular structure of the peptide and hydrogel formed by the
peptide with nanofibrillar morphology. The peptide can encapsulate the
dye after the formation of self-assemblied nanofibers at pH 7.4 and release
it at pH 5.5, thus acting as a targeted drug delivery agent. Adapted with
permission from ref. 45. Copyright 2019 American Chemical Society.

Paclitaxel, 5-Fluorouracil, and 10-Hydroxycamptothecin can
be delivered to targeted cancer cells using specific peptide
sequences.

Peptide-based nanomaterials represent a cutting-edge
approach in cancer therapy, leveraging the unique properties
of peptides to design advanced platforms for diagnosis and
treatment. These nanomaterials, typically self-assembled pep-
tides or peptide-functionalized nanoparticles, exhibit several
advantages and can be explored in treating cancers in numer-
ous ways**22° a5 follows: (a) targeted drug delivery: peptide-
based nanomaterials can be engineered to selectively target
cancer cells by incorporating specific peptide ligands. This
targeted approach improves drug delivery precision, reducing
off-target effects and enhancing therapeutic efficacy. (b) Photo-
thermal therapy: some self-assembled peptides can absorb
near-infrared light, enabling photothermal therapy for cancer
treatment by inducing localized hyperthermia and cell death.
(c) Nanocarriers for chemotherapy: peptide-based nanomaterials
serve as efficient carriers for chemotherapeutic drugs.”*'~**
These nanocarriers protect the drugs from degradation,
improve their solubility, and enable controlled release at the
tumor site. (d) pH-responsive systems: some peptide-based
nanomaterials are designed to respond to the acidic tumor
36:214224 This pH responsiveness can be
exploited for triggered drug release, enhancing therapeutic
efficacy.?'*2167220:225-231 The mijcrotubule, one of the three
cytoskeleton types found in eukaryotes, is vital to the cell cycle.
For the treatment of cancer, microtubule-targeting medicines
remain the most reliable class of antineoplastic medications.
Ghosh et al. designed an antimitotic peptide, which has depo-
lymerizing effects on the microtubule. The peptide generated
B-sheet structures upon self-assembly. AFM studies revealed
the formation of a homogeneous vesicle structure when 400 pM
of the peptide was incubated at 37 °C. Moreover, at a 400 uM
concentration, the peptide showed considerable cytotoxicity on
tumorigenic Michigan Cancer Foundation-7 (MCF7) cell lines
while remaining non-cytotoxic towards Michigan Cancer
Foundation-10 A (MCF10 A), which corresponds to a non-
cancerous epithelial cell line, according to in vitro experiments

micro-environment.
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conducted on two distinct cell lines. Through various in vitro
analyses, including turbidity assay and 4’,6-diamidino-2-
phenylindole (DAPI) fluorescence quenching, they concluded
that the peptide interferes with the tubulin-tubulin interaction
between important microtubule subunits, hence disrupting the
microtubule assembly. The drug loading and release efficiency
of the peptide vesicles were examined using a fluorescently
tagged Docetaxel. The analysis of intracellular microtubule
structures using immunocytochemistry and cell viability stu-
dies showed that the peptide vesicles can hold both Docetaxel
and RADO001, which significantly lowers the IC50 (half-maximal
inhibitory concentration) value when compared to treating
Docetaxel and RAD001 separately to MCF7 cell lines.>**> Das
et al. demonstrated that two peptides (S1 and S2) with opposite
charges may self-assemble when a Phe-Leu dipeptide unit was
fused with either the negatively charged amino acid 1-Glu (S1)
or the positively charged amino acid t-Arg (S2). S1 and S2 self-
assemble to form distinct supramolecular nanostructures
(Fig. 19a and b). These self-assembled structures are non-
toxic and proteolytically stable. Additionally, the chemothera-
peutic drug (Dox) can be encapsulated by these self-assembled
superstructures made from S1 and S2, efficiently transporting it
into malignant cells while preserving its therapeutic efficacy.
Dox-encapsulated S1 and S2 (Dox-S1 and Dox-S2) were identical
to the unencapsulated medication in their capacity to success-
fully stop the growth and induce cell death in cancer cells
(Fig. 19¢).>**

Neurodegenerative diseases are a group of disorders char-
acterized by the progressive degeneration of the structure and
function of the nervous system, particularly the neurons. These
conditions are often chronic, debilitating, and can lead to
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Fig. 19 (a) Molecular structures of S1 and S2, (b) and (c) FESEM images
showing the morphology of S1 and S2 assemblies in 100% aqueous
conditions. (d) A comparative analysis of their drug release capabilities.
Adapted with permission from ref. 233. Copyright 2022 Wiley-VCH.
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severe impairment of cognitive, motor, and/or sensory func-
tions. Some of the most common neurodegenerative diseases
are Alzheimer’s disease (AD) and Parkinson’s disease (PD)
where AD is a progressive and irreversible neurodegenerative
disorder that primarily affects the brain, leading to a decline in
cognitive function, memory loss, and changes in behavior. It is
the most common cause of dementia, accounting for a significant
portion of dementia cases in the elderly population.***** PD is also
a progressive neurodegenerative disorder that primarily affects
movement. Parkinson’s disease is marked by the degeneration of
dopaminergic neurons in the substantia nigra, leading to a dopa-
mine deficiency that disrupts motor function regulation.**%2®
Multiple ways have been employed for using peptide-based nano-
materials to treat AD and PD, which include (a) amyloid beta (AB)
aggregation inhibition; (b) drug delivery across the blood-brain
barrier (BBB); (c) targeted drug delivery to neurological cells; (d) use
of neuroprotective nanomaterials; (e) -amyloid clearance; (f) dopa-
mine replacement and delivery; (g) and the inhibition of
o-synuclein aggregation.?*****2%%  Self-assembled peptide-based
nanomaterials have demonstrated promising antibacterial activ-
ities and are being explored as potential candidates for combating
bacterial infections. The unique properties of these nanomaterials,
such as their tunable structures and biomimetic nature, make
them attractive for developing innovative antibacterial strategies.
Self-assembled peptide-based nanomaterials demonstrate antibac-
terial activities via several mechanisms: (a) membrane disruption
techniques where self-assembled peptide-based nanostructures can
interact with bacterial membranes. These interactions may lead to
membrane disruption, causing leakage of intracellular contents
and bacterial cell death. The amphiphilic nature of some self-
assembled peptides facilitates their interaction with bacterial
membranes; (b) selective targeting techniques where peptide
sequences can be designed to selectively target bacterial cells while
sparing host cells.>****” This selectivity enhances the specificity of
antibacterial action, minimizing potential side effects,*447-25°

In a recent review, Xiong et al. highlighted self-assembled
peptides as delivery agents and the potential of various anti-
microbial drugs such as Pexiganan, Iseganan, D2A21, and
Omiganan.”® The secondary structure of self-assembled pep-
tides plays a crucial role in their antimicrobial and hemolytic
activities. Typically, charged peptides with free acid and amine
groups enable self-assembled peptides to interact with bacterial
membranes and kill the bacteria. In particular, the a-helix and
B-sheet structures formed by these peptides contribute to these
processes. Antimicrobial peptides (AMPs) capable of conforma-
tional changes in response to specific infectious microenviron-
ments can enhance selectivity while minimizing toxicity.
However, significant progress is still required to advance these
conformation-switching AMPs for clinical use. To date, the
exact mechanism by which radially amphiphilic (RA) AMPs
interact with and disrupt bacterial cell membranes remains
unclear and requires further investigation. Alongside, numer-
ous studies and reviews have explored the connection between
helical structures and antibacterial activities.

Gene delivery using self-assembled peptides is a promising
area for non-viral gene therapy due to the customizable and
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Fig. 20 Molecular structure of cationic peptides, which contains posi-
tively charged regions, helps them bind to the negatively charged phos-
phate groups of DNA via electrostatic interactions. This interaction plays a
key role in supporting the self-assembly of peptides for gene therapy.
Adapted with permission from ref. 251. Copyright 2022 Elsevier Inc.

biocompatible nature of peptides. Peptides can be engineered
to create nanoparticles that enclose DNA, allowing for secure
and efficient delivery to target cells. The process begins with
the electrostatic interaction between the positively charged
peptides and the negatively charged DNA, leading to the
formation of nanoparticles (Fig. 20).>>' These nanoparticles
not only protect the DNA from degradation but also facilitate
its internalization into cells. Peptides offer several advantages
in gene delivery, including their ability to self-assemble
into well-ordered structures under specific conditions, forming
stable carriers for genetic materials."***>> One of the key
challenges in gene therapy is overcoming biological barriers
such as endosomal escape and enabling the successful release
of DNA into the cell’s cytoplasm. Peptides can be engineered to
respond to environmental cues such as pH changes, facilitating
DNA release from the nanoparticle through endosomal dis-
ruption mechanisms such as the proton sponge effect. For
instance, peptides with histidine residues that have a pKj, close
to the endosomal pH can cause membrane destabilization,
facilitating the release of DNA. Combining peptides with other
materials such as lipids or synthetic chemistry can improve
the efficiency of DNA transfection. Additionally, innovative DNA
designs such as synthetic or modified plasmids can be com-
bined with peptide carriers to extend gene expression and
enhance therapeutic results. Overall, self-assembled peptide-
based gene delivery systems provide a flexible, efficient, and
biocompatible platform that could revolutionize non-viral gene
therapies. Their programmability, stability, and ability to form
nanoparticles make them a highly promising alternative to viral
delivery methods. Drugs containing nucleic acids have also
been known to treat viral infections, cancers, and AIDS.***72°¢

Zhang et al. developed multifunctional dipeptide nano-
particles (DNPs) using the dipeptide Trp-Phe, which self-
assembled through chelation with zinc ions, an essential metal
in cellular processes. To improve targeting and therapeutic
efficacy, they combined the chemotherapy drug Clofarabine
(Clolar) with the AS1411 aptamer (which targets the role in cell
division; Fig. 21). Additionally, Doxorubicin (DOX), a chemo-
therapy drug, was incorporated via n-n stacking interactions,
resulting in composite nanoparticles DNPs/Clolar/AS1411/HA/
RNA/DOX. This design aimed to provide a combination ther-
apy, using both chemotherapy and gene silencing to enhance
the antitumor effects. The multifunctional nanoparticle system
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Fig. 21 Chemical structure of the dipeptide Trp-Phe and schematic
representation of its self-assembly into nanoparticles in the presence of
Zn?* ions. The assembled dipeptide nanoparticles (DNPs) are utilized for
targeted cancer therapy and gene therapy applications, incorporating
chemotherapy drugs, aptamers, and gene-silencing molecules for enhanced
therapeutic efficacy. Adapted with permission from ref. 257. Copyright 2021
Elsevier Inc.

demonstrated successful MCF-7 cells and an influenza hemag-
glutinin peptide (HA) to promote endosomal escape. The DNPs
were further functionalized by modifying the carboxyl groups to
attach siRNA, targeting Thymidine Kinase 1 (TK1), which plays
a crucial endosomal escape and significant antitumor activity
in vitro and in vivo, showcasing its potential as an advanced
targeted cancer therapy.>”” Self-assembled peptide-based nano-
materials have gained considerable interest in the field of
bioimaging due to their unique properties, and the ability to
encapsulate or conjugate imaging agents. These nanomaterials
offer versatile platforms for designing contrast agents, probes,
and imaging systems for various biomedical applica-
tions.>>*"**® Self-assembled peptide-based nanomaterials are
utilized in bioimaging through various techniques including
nuclear imaging (PET and SPECT), targeted imaging, respon-
sive imaging, and multimodal imaging.****?*%2%! Wang et al.
have demonstrated a peptide-based probe in the near-infrared
range that can be utilized for tumor imaging. The molecule is
designed with a peptide backbone and a cyanine probe that
includes hydrophilic motifs, a tailoring motif, a self-assembly
motif, and a cyanine dye. They synthesized four different
molecules and demonstrated that molecule 1 was responsive
to fibroblast activation protein-o. (FAP-a), forming nanofibers
in situ on cancer-associated fibroblasts (CAFs). A 5.5-fold signal
enhancement was observed after 48 hours of applying the
material to the cells (Fig. 22). The molecule was capable of
detecting tumors as small as 2 nm in diameter. The molecule is
designed with a peptide backbone and a cyanine probe that
includes hydrophilic motifs, a tailoring motif, a self-assembly
motif, and a cyanine dye. When the molecule was attached to
CAFs, it broke down into two components, as confirmed by
HPLC. This breaking facilitated the molecule’s reassembly into
a B-sheet secondary structure with fibrillar morphology. As a
result of this, the properties enhanced 5.5 times more than
those of normal cells.>®> Another type of peptide-based hydro-
gel has been identified for biosensing applications, capable of
detecting superoxide anions released by cells in 3D culture in
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Fig. 22 (a) Schematic diagram illustrating molecular recognition and
tailoring, along with their self-assembly, which leads to the formation of
a B-structure and fibrillar network, enhancing tumor imaging sensitivity. (b)
and (c) Molecular structure of molecule-1 and its various motifs that
contributed to its self-assembly. Adapted with permission from ref. 262.
Copyright 2019 Wiley-VCH.

response to drug treatments. For instance, King et al. have
shown an octapeptide linked to a DNA recognition sequence for
detecting hybridizing DNA via fluorescence. For detecting
superoxide anions from cells in 3D culture, Lian and colleagues
developed a Fmoc dipeptide hydrogel with embedded HeLa
cells, HRP, and superoxide dismutase (SOD). This setup pro-
vided accurate and sensitive detection of superoxide anions
under physiological conditions.>*®

In addition, peptide-based nanomaterials have been used
for the purposes of vaccination, and treatment of asthma,
cardiovascular diseases (CVDs), and hypertension, and particu-
lar bioactive collagen peptides have been exploited to enhance
muscular strength and improve body composition.>>872%:264

3.4. Peptide as a conducting material

The presence of diverse directionally oriented functional
groups in the peptide self-assembly is recognized for enhancing
electrical transport within that specific configuration. It has
been found that the peptides can participate in electronic
conduction in two different ways: “Short-range electron trans-
fer (ET)”, where electron exchange takes place via an oxidation-
reduction pathway between the ionically active electrolyte and
the peptide. The screening of electrons in the solution leads to
a modification in electrical potential throughout this process.
Furthermore, short-range electron transport (ETp) occurs by the
electron transport through the peptide without any electrolyte or
electrolytic participation.”®>>°® The mechanism behind the elec-
trical conductance is not very clear and often poorly understood.
There are several mechanisms for short-range electron conduction
where electron tunnelling occurs through a single-step electron
transfer process between the donor and acceptor molecules. Such
kind of electron transport rate depends on the distance between
the donor and acceptor molecules. Temperature has been observed
to play a crucial role in influencing this tunnelling process.
To understand solid-state electron transfer across single peptides
in the ETp process, a number of multistep electron transport
models such as hopping, super-exchange, and flickering resonance
have been developed.**

The band gap order in the majority of peptides was typically
calculated to fall within the range from semiconducting
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Scheme 5 (a) Schematic of the band diagram of typical metal, semicon-
ductor and Insulator. (b) General schematic representation of a device
fabricated with self-assembled peptide systems for various applications.

(<4 eV) to insulating (>4 eV) (Scheme 5). The presence of n-
electron-containing residues was discovered to have a substan-
tial influence on the electron transport process within the
peptide nanostructure. The presence of n-n stacking in these
aromatic rings may lead to a reduction in the band gap (Eg)
compared to peptides without aromatic residues. This =n-
stacking plays a crucial role in regulating the semiconductor
or metallic characteristics exhibited by peptides, while electron
transport facilitates the organic supramolecular polymeric pep-
tide to function as a conducting material. The electrical trans-
port phenomenon throughout the assembly is also influenced
by both the secondary and nanostructure of the material. As in
the secondary structure, the molecular dipole generated by the
peptide self-assembly plays a major role in the dipole orienta-
tion from the N-terminus to the C-terminus. The impact of
dipole moment, induced by the helical structure, increases by
5.0 D per residue for alpha helices. In contrast, for the beta
strand structure, the dipole moment was elevated by 0.25 D per
residue.””’

In this regard, Amdursky and co-workers have shown the
effects of the m-electronic surface of the peptide residue in
electrical conduction of the overall system. A small change of
the n-residue from phenylalanine (in FF) to tryptophan (in FW)
showed a significant increment in the transport process.
Moving from FF to FW of the nanotube, the band gap was
found to decrease from 4.48 eV to 3.04 eV. The conductivity
measurement was performed by conductive probe atomic force
microscopy, revealing that FW was five times more efficient
than FF.>”' The electrical conductivity in the solid peptide
assembly was attributed to the ETp process in these nanorods.
Meanwhile, the arrangement of these dipeptides played a
crucial role in controlling the overall electronic structure and
associated properties of the system. The system with FW with a
larger n-surface exhibited a lower tunnelling barrier and band
gap, making it more efficient in the electrical transport process
than FF. The tryptophan unit is well known to impart a strong
effect on the conductivity of the peptide system. A separate
study conducted by Cahen and his co-workers demonstrated
that monolayers of homopeptides containing tryptophan exhib-
ited the most efficient electron transport, followed by lysine,
glutamic acid, and alanine.>”*> Subsequent experimental and
theoretical investigation explained the steady drop in conduc-
tivity, which was attributed to the secondary structure of the
peptide and the residue charge of the constituent amino acid.
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DFT calculations revealed that the HOMO-LUMO energy bar-
riers for helical peptides were lower than those for small
homopeptides, an observation consistent with the experi-
mental findings. The aggregation nature of small molecules
plays a crucial role in the formation of organic supramolecular
polymeric systems. This process aids in the creation of a
polymer-like nanofibrous network, facilitating the conductivity
of electrons and rendering the system semiconducting in
nature.””? Peptide-based nanowires demonstrate impressive
inherent conductivity attributed to electron delocalization
facilitated by closely aligned aromatic amino acids. Addition-
ally, the conductivity is influenced by a hopping/charge transfer
mechanism, contributing to the understanding of self-
assembled peptides as conductive materials.

Ing et al. demonstrated that only lower concentrations of
peptides (relating to lower assembly and branching) can
increase the conductance, due to decreasing fibril-fibril contact
resistance. As peptide concentrations are reduced, the chance
of more assembly and branching among peptides will also be
reduced due to the decrease in fibril-fibril contact resis-
tance.””* The conductivity of dried hydrogel films surprisingly
decreased as the peptide concentration increased. They com-
pared the values obtained from electrical impedance spectro-
scopy (EIS), and the conductivity of the hydrogels were also
measured. They also found concentration-dependent conduc-
tance variance, as reported earlier.””* Nanofibers formed by
self-assembly are more conductive in nature than the normal
amino acids or proteins. This is due to easier electron transport
that occurs over a long distance and nanofibers formed by more
n-stacking, extended conjugation or redox centres than the
normal amino acid.?”® Laycock et al. showcased two peptides,
with one incorporating phenylalanine as an aromatic residue
and the other being replaced with leucine. They employed two
different peptide sequences and compared the conductivity
within the peptide gel (Fig. 23). Although both peptides were
capable of forming fibrillar networks via a self-assembly
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Fig. 23 Comparison of the conductivity studies between the phenyl
alanine and lysin motif and schematic of the conductivity comparison in
the gel state. It is clearly mentioned that the lysin motif gave better results
than those of the phenyl group owing to the free NH, group that aids in
giving more conductivity. Adapted with permission from ref. 275. Copy-
right 2019 American Chemical Society.
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process in water, the conductivity was observed to be higher
for the phenyl group than the leucine moiety. The electroche-
mical transport test revealed that the fibres exhibited both
ohmic electronic transport and a metallic-like temperature
dependency of conductance in an aqueous buffer. A strong
n-interaction between the phenyl residue makes the system
efficient in electron transport process. These findings suggest
that conductivity is likely dependent on the supramolecular
structure present in the highly organized fiber shape at low
peptide concentrations, indicating that the peptide itself may
not be intrinsically conductive. As the concentration increases,
the fibre length and density increase, making the system more
complicated and less conductive in nature. The ohmic conduction
observed in these two peptide nanofibers does not rely on redox
hopping, n-stacking, or other thermally activated mechanisms for
facilitating charge transport over micrometer-scale distances.
Instead, it is insensitive to environmental changes and shows
dependence on pH and ionic strength also. This study indicated
that the peptide nanofiber formed due to supramolecular inter-
action with the help of aromatic amino acid side chains by over-
lapping their n-surface showed electron transportation through the
micrometer long-range nano-assembly without any redox-active
metal components.

In a recent study, Banerjee and colleagues synthesized a
symmetric NDI (naphthalene diimide) molecule with terminal
valine and histidine amino acids. This molecule displayed the
monomeric state in DMSO (dimethyl sulfoxide) and transi-
tioned to an aggregated state in the DMSO/buffer mix solvent
system, forming a J-type aggregate (Fig. 24).””* The higher
order molecular aggregation leads to gelation with a clear
aggregation-induced emission property. The TEM image con-
firmed the presence of a 1D fibrillar network in the gel state,
supporting the supramolecular polymerization via n-n stack-
ing. They discovered that the nanofibrous network created by
the molecule was sufficient to establish a channel for electron
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Fig. 24 Schematic representation of the NDI-based peptide in a buffer
medium (up). Current vs. time curve (down left) and current vs. voltage plot
with statistical diagram in the inset (down right). The ionic conductivity is
increased after the aggregation occurs, confirming the role of the single
fibre to show more conductivity than others. Adapted with permission
from ref. 273. Copyright 2024 American Chemical Society.
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transport through a hopping mechanism, a phenomenon that
is not possible in a non-aggregated or non-dispersed state.
When the voltage gradient was applied, the movement of
electrons was detected by measuring the current of the dry
gel state. However, zero conductivity was observed in the
dispersion state. The overall electrical conductivity arose from
the synergistic effect of ionic conductivity contributed by Na*
ions in the phosphate buffer system and the conductivity
originating from the one-dimensional orientation of the -
core. The molecule showed a conductance of 3.5 pS cm ™' due
to the presence of conductive nanofibers in the aggregated state
in the gel state, which remained intact after drying the gel. In
the nanofibrillar aggregated state, the closely packed NDI core
ultimately helped in lowering down the energy gap between
HOMO and LUMO in this n-conjugated system, as reflected in
the band gap measurements and conductivity. The photo-
induced current was measured to account for the presence
of photo-responsive NDI moieties in the system, revealing an
In/Iog ratio of 5.58. In temperature-dependent experiments, it
was observed that the resistance of the dried gel decreased,
indicative of the semiconducting properties of the material.
Interestingly, the NDI-based peptide in the dried gel state
exhibits no conductivity at a lower voltage bias; however, at a
higher voltage bias, there was a sudden increase in conductiv-
ity. The diode-like nature of the I-V curve was ascribed to the
movement of electrons at a lower voltage bias, while at a higher
voltage bias, conductivity resulted from the contributions of
both ions and electrons present in the system.

In another example Das et al. reported the design, synthesis,
and self-assembly of a peptide-quinquethiophene-based n-gel,
which demonstrated the electrochromic property. The molecu-
lar design suggested a bolaamphiphile-type structure, featuring
a redox-active photochromic n-core and peptide motifs at the
ends, facilitating self-assembly. It formed a J-type aggregate
through n-n stacking and H-bonding interactions in an aqu-
eous medium, and the SEM imaging confirmed the fibrillar
network structure formed by the molecular self-assembly
(Fig. 25a). According to the earlier report, the molecule formed
with oligothiophenes was found to exhibit effective charge
carrier mobility by forming various nanostructures.”’® The
redox-active behavior of the system was confirmed through
cyclic voltammogram (CV) experiments, where in the gel state,
an oxidation peak at 1.21 V and a reduction potential peak
at 0.58 V were observed. Further, the electrochromic property
was studied by preparing a thin film of the gel on the
ITO-coated glass surface. The yellow colour of the gel was
found to disappear upon oxidation at 1.21 V, which reversibly
returned to its original colour upon reduction at 0.6 V
(Fig. 25b and c).

Effective excitonic separation upon light irradiation is an
exciting field of research that has found significant applica-
tions in areas such as photocatalysis, photoresponsivity, and
photoconductivity. The donor-acceptor co-assembly is a well-
recognized technique for effectively separating the electrons
and holes produced following photoexcitation, resulting in
extended lifetimes for both. In this regard, Martin et al. have
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Fig. 25 (a) Molecular structure of compound 1 and schematic represen-
tation of the gelation mechanism. The self-assembly process leads to the
formation of nanofibrils in water and, consequently, gels. (b) Schematic of
the thin-film device and (c) corresponding its electrochromic property
upon oxidation and reduction. Fibrillar network formed upon aggregation
helps the molecule to show conductivity. Adapted with permission from
ref. 276. Copyright 2018 Wiley-VCH.

reported the self-assembly and co-assembly of positively
charged perylene di-imide-based system (p-type acceptor PDI)
and negatively charged m-extended peptide-conjugated tetra-
thiafulvalene (n-type donor TTF).>”” Both n-chromophoric units
underwent self-assembly individually in water with H-type
aggregation, leading to the formation of nanostructures with
a fibrillar morphology. Moreover, when these individual nano-
assemblies were coupled, they formed co-assemblies in water
via dipolar interactions between the charged surfaces of the
discrete nanofibers. The establishment of a highly organized
nonfibrous co-assembly with alternating n and p characteristics
was validated through UV-vis, CD spectroscopic studies and
XRD analysis. The charge carrier mobility was examined by
flash-photolysis time-resolved microwave conductivity measurement.
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Fig. 26 (a) Molecular structure with the schematic of nanofibrillar aggre-
gated (left). Schematic representation of n/p co-assembly for efficient
photoexcited charge carrier mobility. It is shown that higher conductivity is
found for the co-assembled system compare to the individual system. This
confirms the role of making the proper channel between the p-type and
n-type material. Adapted with permission from ref. 277. Copyright 2015
American Chemical Society.

Upon photoexcitation with a 355 nm laser pulse, the co-
assembly showed a significantly higher conductivity than that
of the individual assembly. The co-assembly showed effective
photo charge carrier generation along with a longer lifetime of
>3 ms. This study indicated facile charge carrier generation at
the n/p heterojunction and effective transportation through the
1D m-stacked assembly (Fig. 26). They also discovered that
variations in the terminal groups of PDI did not result in
significant changes in the lifetime values, indicating that the
value depends primarily on the n-site rather than the terminal
long chain.

In summarizing various examples of peptide motifs demon-
strating conductivity, it can be concluded that to achieve
conductivity in the peptide-based assembly, the molecular
design should incorporate aromatic rings for m-m stacking
and better conductance. Opting for a 1D fibrillar network in
an aggregated state is consistently favoured due to its aniso-
tropic nature, which imparts directionality. Nevertheless,
achieving an optimal crosslinking between the fibers is essen-
tial to enhance conductivity, as indicated by the concentration-
dependent analysis. These peptide nano-assembly systems
exhibit semiconducting properties as well, with temperature-
dependent conducting properties. The significance of the D/A
approach is also important as shown in the TTF and PDI-based
co-assembly. The enhancement of photoconductivity occurs
through the coupling of n- and p-type semiconductors, leading
to increased charge carrier separation and mobility. With the
easy modulation of the sequence elements, these peptide
nanofibers offer a viable experimental platform for additional
research into the structure-property correlations of conductive
amino acid materials. Their well-defined surface chemistry and
biocompatibility make them suitable for optimal, naturally
inspired bioelectronic interface materials. The use of these
peptide building blocks lies in their ability to form via highly
reversible non-covalent interactions, making them valuable
and versatile components in the expanding toolkit of synthetic
biology.
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3.5. Peptide-based liquid crystals and their potential
applications

Soft functional materials offer remarkable opportunities for the
development of cutting-edge devices due to their dynamic
properties.”’”® Among various soft materials such as polymers,
gels, colloids, biomaterials, and liquid crystals (LCs), LCs are
functional organic molecules, distinguished by order and
mobility. The LC is an intermediate state between crystalline
solid and isotropic liquid states which is a fourth (actual) state
of matter (Scheme 6).>”® There are two main types of LCs:
lyotropic and thermotropic LCs. With the addition of solvents,
lyotropic LCs developed a long-range order and are impacted by
amphiphilic molecules, additives,””***" solvent polarities,?*"*%>
and external influences such as temperature, pressure, light, and
magnetic field.*** Thermotropic LCs are anisotropic liquids that
have both liquid and crystal phases. A number of distinct liquid
crystalline phases can only be realised with the impact of
temperature. The thermotropic LCs are the main components
of many electronic gadgets including cell phones and digital
notebooks. While the functionality and biocompatibility of
peptide-based LCs hold great promise, their use as drug carriers,
tissue scaffolds, biosensors, or bioimaging agents, and for soft
robotics and wearable technologies, are still in the infancy
stage.>®*>%¢ peptide nanotubes are a particular topic of interest,
because they allow for multiple chemical modifications and the
application of biological systems.®! Gazit and coworkers reported
the potential of very short nanotubular aromatic peptides (hexa-
peptides and shorter) to form well-ordered amyloid fibrils.>*”>%°
All amyloid fibrils possess a comparable and structurally unre-
lated set of proteins. They have shown that the dipeptides can
form self-assembled nanotubes in an aqueous medium to cast
silver nanowires using them as nanoscale molds.®" Inspired by
their work, Kim and co-workers have discovered the liquid
crystalline peptides, where the peptide generated rigid nanowires
that are dispersed individually in an organic solvent (CS,), a
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Scheme 6 Orientation of molecules in Crystal, LC, and liquid state where
LC lies between crystalline solid and isotropic liquid states.
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0.8 wt%

1.6 wt% 7.0 wt% 10.0 wt%

Fig. 27 (a) Dipeptide molecule in its molecular form, where red, blue, grey, and white represented oxygen and nitrogen, carbon and hydrogen atoms,
respectively. (b) Dipeptide molecules are arranged in a hexagonal pattern around a centre water molecule. Two types of intermolecular H-bonding (FF—
FF and FF—water) hold dipeptide molecules in place, and each nanotube’s outside diameter was around 2.4 nm. Each nanowire, which is a collection of
helical nanotubes, was created by hydrophobic phenyl rings in the dipeptide molecule. (c) 3D depiction showing dipeptide self-assembly into a helical
architecture via multilayer H-bonding. (e) SEM image of nanowires. The average diameter of the nanowires was 346 + 103.9 nm, the length was 8.6 +
4.4 nm, and the aspect ratio was 25.1 + 11.1. (e) Zwitterionic form of L-Phenylalanine—L-Phenylalanine dipeptide which has the ability to undergo non-
covalent interactions, including n—n interactions (FF—FF) and H-bonding (FF-H,0). (f) Nanowire dispersions in glass vials held between crossed
polarizers. The black isotropic phase is separated from the yellow birefringent nematic liquid crystalline phase. Adapted with permission from ref. 290.

Copyright 2007 Wiley-VCH.

unique material for nanofabrication.”*® The stiffness and high
aspect ratio of the nanowires led to the formation of a colloidal
liquid crystalline phase throughout a wide concentration range.
The ability to quickly fabricate a morphology that is well-aligned
across a large region was made possible by the liquid crystallinity
in an extremely volatile organic solvent. An isotropic-to-liquid
crystalline phase transition was indicated by the dispersion,
which contained 0.5-7% weight percent of nanowires, sponta-
neously separating into isotropic and birefringent phases. The
polydispersity of nanowires is the source of such a wide-phase
transition range. The entire dispersion exhibited optical birefrin-
gence at concentrations between 7 and 10 wt%, with no phase
separation. The birefringent dispersion exhibited mechanical
elasticity above the high concentration of 10 wt%, which is
characteristic of nematic gel or nematic glass. They have demon-
strated the hierarchical structure of liquid crystalline peptide
nanowires, which are made up of nanoscale liquid crystalline
ordering and highly precise peptide assembly, offering a quick
and effective route towards unique nanoarchitecture (Fig. 27).
Liquid crystalline peptide nanowires have the potential to
be used in nanopatterning and as reinforcing materials for
nanocomposites.

Mezzenga et al. reported the discovery of cholesteric phases
in amyloids using B-lactoglobulin fibrils shortened by shear
pressures, which exhibit unparalleled structural complexity.>*
Abbott and Gellman et al. reported a variety of well-designed
B-polypeptides which form liquid crystals, and the phase beha-
viour could be adjusted by varying the peptide sequence and
modifications.’*>>°* These peptide LCs have biocompatibility
and structural variety, making them ideal for guiding cell
orientation or building highly ordered materials.”>®> He and

This journal is © The Royal Society of Chemistry 2025

coworkers investigated the lyotropic liquid-crystalline beha-
viour of a set of minimalistic peptides using small-angle X-ray
scattering and molecular dynamics simulations (Fig. 28).>°°
Their findings imply that the amino acid sequence controls
spontaneous crystallization in the networks of self-assembled
nanofilaments as well as the short-range interactions between
the peptides. For every peptide, a colloidal liquid-crystalline
phase including a rigid FF section and a repulsive terminal was
observed. The peptides formed high-aspect ratio nanofilaments
by self-assembly, measuring ~3.3 nm in diameter for Fmoc-
diphenylalanine (Fmoc-FF) and ~ 4.2 nm for Fmoc-Phe-Phe-Ser
(Fmoc-FFS), Fmoc-Phe-Phe-Asp (Fmoc-FFD), and Fmoc-Phe-
Phe-Glu (Fmoc-FFE), confirmed by TEM images (Fig. 29a-d).
The biocompatibility and structural variety of peptide LCs
make them attractive as potential templates for highly ordered
material manufacturing or functioning as stereoselective sen-
sor probes. Liquid crystals are a popular choice for biomolecule
detection due to their high resolution, sensitivity, and cost-
effectiveness.>”?°® It may be possible to convert chemical
binding events into amplified optical signals that are visible
to the naked eye due to the orientational order and optical
anisotropy of the liquid-crystalline molecules. They observed
that the condensation of long-range ordered peptide nanofila-
ments by multivalent cations is extremely stereoselective, prob-
ably due to the intrinsic chirality of the self-assembled peptide
nanofilaments (Fig. 29¢). Over the past few decades, extensive
research has been focused on developing a peptide-based
technique for creating nanostructured inorganic materials.”**>%
Hartgerink and coworkers observed that hollow silica nanotubes
were designed utilizing peptide nanofiber templates that self-
assembled from ultrashort peptides.*** He and coworkers
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Fig. 28 (a) Amphiphilic peptide molecular structure. (b) Illustration of the
highly charged hexagonal liquid-crystalline phase with a large d spacing
during the hierarchical chiral self-assembly of the peptides. Adapted with
permission from ref. 296. Copyright 2018 American Chemical Society.

demonstrated that at ambient temperature and neutral pH, liquid-
crystalline peptide nanofilaments might be used as templates for
the biomimetic production of well-ordered mesoporous silica
nanofibers (Fig. 29f). The findings offer a new perspective on the
synthesis of peptide LCs, which will increase the applicability of
peptide-based materials for various uses such as chemical sensing
probes and templates for the design of other functional
nanomaterials.
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In the past few decades, it has been observed that the
molecular self-assembly process can yield a supramolecular
hydrogel.>*>*%* According to recent studies, the nanofibers
can produce anisotropic nanoscale crystals and higher-
ordered assemblies, which could be aligned by external forces
to display anisotropic characteristics on a macroscopic
scale.>**% Wang and co-workers have shown that in aqueous
solutions (pH 7.4), spontaneously aligned nanofiber bundles
and biocompatible liquid crystalline hydrogels can be prepared
by regulating the intermolecular interaction of two oppositely
charged small molecules (e.g., tetrapeptide, MW < 700 Da)
without hydrophobic modification. The authors demonstrated
a rational design of a tetrapeptide without N-terminal modifi-
cation and chemical conjugation that used intermolecular
interactions to induce the formation of nanofiber bundles in
a two-component system that is not accessible by a single
component. Self-assembled complementary charged tetrapep-
tides exhibit geometrical anisotropy, leading to the formation
of a liquid crystalline microdomain in hydrogels. It appeared
that a lyotropic liquid crystal would form based on the
concentration-dependent formation of liquid crystalline hydro-
gels. According to the results, complementary heterochiral
pairings of peptides show a tendency toward aggregation and
fast gelation when the hydrogel is formed. Because the guanidyl
group can connect to the carboxyl group in different orienta-
tions, the mechanical properties of the hydrogel are improved
when lysine (K) in the tetrapeptide is changed to arginine (R).
In vitro cytotoxicity tests revealed that the peptide mixture has
negligible toxicity on cell growth (human bone osteosarcoma
Saos-2 cells and marrow stromalHS-5 cells), suggesting the
biocompatibility of the hydrogel.>*”

Over the few decades, supramolecular chemistry has gained
great interest to develop peptide-based liquid crystals from

Calcination
—

‘oo

liquid crystalline Peptide/Silica
nanofilaments hybrid

Mesoporous
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Fig. 29 (a)-(d) TEM images of the self-assembled peptide nanofilaments; Fmoc-FF, Fmoc-FFS, Fmoc-FFD, and Fmoc-FFE, respectively with a diameter
of ~3.3 nm for Fmoc-FF and ~4.2 nm for Fmoc-FFS, Fmoc-FFD, and Fmoc-FF. (e) Diagram illustrating the use of a chiral dipeptide in the stereoselective
condensation of peptide nanofilaments [(1S,25)-(—)-1,2-diaminocyclohexane and (1R,2R)-(—)-1,2-diaminocyclohexane]. (f) Diagram represents the
synthesis of ordered cavities in mesoporous silica using peptide templates at neutral pH and room temperature. Adapted with permission from ref. 296.

Copyright 2018 American Chemical Society.
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discrete molecular motifs to complex molecular architectures.**®
Liquid crystals based on peptides will be potential candidates for
various biomedical applications such as biomaterials and drug
delivery systems.***2%9311 Future research may focus on designing
peptide-based liquid crystals that can encapsulate and release
drugs in a controlled manner, as well as developing materials
for tissue engineering and regenerative medicine. Liquid crystals
based on peptides with distinctive optical characteristics may be
investigated for application in optoelectronic devices such as
digital displays and sensors.>>" Further exploration of the
self-assembly properties of peptide-based LCs could lead to the
development of nanoscale structures in a device biomineralization
strategy and biological phase-separated systems.*'®>'® It may
become more of an emphasis to use ecologically responsible and
sustainable processes for the synthesis and manufacturing of
peptide-based LCs. This might entail producing these materials
through the use of renewable or biobased resources.

3.6. Peptides as glass materials

Silicate glass is a widely utilized material, composed of silicon
dioxide. It is known for its excellent optical clarity, chemical
durability, and thermal resistance. It has a wide range of
applications including windows, bottles, and various contain-
ers. However, these glasses are brittle and are prone to shatter-
ing, making them less durable in high-impact situations.
Additionally, its production has a significant environmental
impact which can result in long-term environmental conse-
quences for the green life. Interestingly, these glasses serve as
the foundation for bioglass and biomolecular glass, which is
modified with additional oxides to enhance its bioactivity and
ability to bond with biological tissues for medical applications.

View Article Online
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Bioglass is mainly used in bone repair, tissue engineering,
and wound healing, while biomolecular glass is employed in 3D
printing, additive manufacturing, and mold casting, offering
minimal environmental impact. It has been found that when
amino acids and peptides are chemically modified at the ends
with hydrophobic groups, their heat stability improves signifi-
cantly, making them suitable for glass processing. Recently,
Yan and coworkers have synthesized biomolecular glass from
Ac-modified amino acid (Ac-F) and a Cbz-modified tripeptide
[Cbz-(D)-FF-glycine (Cbz-FFG)]. The respective compounds were
melted to form supercooled liquid and quenched to form
biomolecular glass (Fig. 30). These glasses were found to have
exceptional optical properties, mechanical properties, proces-
sability, and flexibility. The glasses were found worthy for three-
dimensional-printed additive manufacturing and mold casting.
Most importantly, the glasses demonstrate biocompatibility,
biodegradability, and biorecyclability that surpass that of the
plastic materials and noncovalent glass (MIBNG) using a sim-
ple amino acid derivative, Fmoc-Leu-OH. This MIBNG has
ceramic-like properties including hardness, flexibility, and
wear resistance, which makes it superior to normal biomole-
cular glasses.***" Pal and his group discovered commercial
glasses currently in use. Moreover, the same group has reported
the development of metal ion-coordinated biomolecular
pathway-driven self-assembled peptide nanostructures, which
can be used as a template to yield bioactive glass (Fig. 31).
Solid-phase synthesis was used to form the peptide amphiphile
by attaching the hydrophobic moiety of Fmoc at the N-terminus
and two hydrophilic lysine units at the C-terminus of a
short peptide sequence VFFA. The peptide self-assembled into
kinetically controlled nanofibers and thermodynamically
stable twisted helical bundles. Compared to nanofibers, twisted
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Fig. 30 Schematic illustration of the preparation of the peptide glass through high-temperature melting, followed by a quenching process. This
category of the peptide has excellent optical characteristics, high processability, and good biodegradability. Adapted with permission from ref. 43.

Copyright 2023 American Association for the Advancement of Science.
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Fig. 31 Molecular Structures of the peptide amphiphile Fmoc-VFFAKK
and its pathway-driven self-assembly to form different nanostructures,
kinetically controlled nanofibers (1nf) and thermodynamically stable
twisted helical bundles (11g), which act as a template for the synthesis of
bioglass composites 15¢BG and 11gBG. As precursors to the Si, P, Na, and
Ca contents of bioactive glass, tetraethyl orthosilicate (TEOS), triethylpho-
sphate (TEP), sodium sulfate, and calcium sulfate were utilized. Adapted
with permission from ref. 320. Copyright 2021 American Chemical Society.

helical bundles increased the percentage of nonbridging oxy-
gen (NBO) sites on the surface of the bioglass, which improved
the mineralization efficacy of hydroxyapatite. When the bio-
glass composites were incubated in a simulated body fluid, they
exhibited a tunable bioactive response that was topologically
and structurally controlled to cause the deposition of carbonate
hydroxyapatite, octacalcium phosphate, and multiphasic cal-
cium phosphate.®*® Rijt and coworkers developed a system for
immobilizing vascular endothelial growth factor (VEGF) using
nanosized bioactive glass nanoparticles (nBGs) embellished
with a 12-mer peptide sequence that originates from the
transmembrane glycoprotein prominin-1 (PR1P: DRVQRQTT
TVVA43), which exhibits high specificity in binding pro-
angiogenic growth factor VEGF165. This is a viable approach
to address the issue of inadequate neovascularization in the
regeneration of massive bone defects.>*' Peptide glass repre-
sents a groundbreaking material with immense potential for
future applications. Its unique properties make it ideal for
biomedical applications. Additionally, peptide glass can be
engineered to display tailored optical and electronic properties,
along with a bioactive response that stimulates multiphasic
deposition, opening new pathways in flexible electronics and
photonics.

4. Conclusions and future outlook

In this review, we demonstrated how the various non-covalent
interactions play crucial roles in creating secondary and nano-
structures of peptides during the self-assembly. We have
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discussed peptides as piezoelectric energy harvesters by mod-
ulating the structural building blocks or functionalities of
peptides. There were several contexts in which the catalytic
activity of peptide-based self-assembly was investigated, such as
enzymatic catalysis and specific chemical reactions. The field of
biomedical research including drug delivery, tissue engineering,
regenerative medicine, cancer therapy, neurodegenerative disease,
and antimicrobial activity has attracted a lot of attention towards
peptides and peptide-based nanostructures in recent years because
of their distinctive properties.'®***> Peptide-based liquid crystals
and biomolecular glass have also been investigated for their
considerable potential in various applications, particularly in
the fields of nanoarchitectonics and biomaterials.

The future outlook for the application of peptide-based
nanomaterials across various fields is highly promising.
Here is a comprehensive overview of potential developments:
peptide-based nanomaterials offer exciting prospects for piezo-
electric power generation due to their tunable properties and
biocompatibility. Future advancements may focus on the devel-
opment of peptide-based nanomaterials capable of efficiently
converting mechanical energy from vibrations or movements
into electrical energy. The integration of peptide nanomaterials
with emerging nanogenerators, such as triboelectric or thermo-
electric devices, could lead to the fabrication of self-powered
wearable electronics, sensors, and biomedical implants.
Peptide-based nanomaterials hold significant promise for cat-
alytic processes, offering high specificity and tunable reactivity.
Future developments may focus on designing multifunctional
peptide nanomaterials capable of targeted drug delivery, con-
trolled release, and theragnostic applications. Peptide-based
nanomaterials could also find applications in regenerative
medicine, biosensing, and personalized medicine, offering
innovative solutions for disease diagnosis, treatment, and
monitoring. Future research may explore the use of peptide
nanomaterials as additives or templates to manipulate the
phase behavior, alignment, and responsiveness of liquid crys-
tals in display technologies, optical devices, and biosensors.
Tailoring peptide sequences and structures could enable pre-
cise control over liquid crystal properties, leading to the devel-
opment of advanced materials with enhanced functionality and
performance. Peptide-based nanomaterials exhibit intriguing
electrical properties, including conductivity, semiconductivity,
and tunable electronic structures. Future research may explore
the use of peptide nanomaterials in electronic and optoelec-
tronic devices, such as transistors, sensors, and photodetectors.
Designing peptide-based nanomaterials with hierarchical struc-
tures and ordered assemblies could enhance their electrical
conductivity and charge transport properties, enabling the
development of high-performance nanoelectronics and flexible
electronic devices.

While peptide-based nanostructures offer numerous advan-
tages for various applications, they also face several challenges
that need to be addressed for their widespread adoption.
Here are some key challenges associated with self-assembled
peptide-based nanostructures such as controlled assembly, scal-
ability, toxicity, functionalization and modification, structural

This journal is © The Royal Society of Chemistry 2025
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stability in biological environments, regulatory approval and
commercialization, and proteolytic cleavage of the peptide-
based drug delivery. Addressing these challenges will require
interdisciplinary efforts involving peptide chemistry, materials
science, biotechnology, and biomedical engineering. Continued
research and innovation in peptide design, self-assembly strate-
gies, characterization techniques, and application-specific opti-
mization are essential for realizing the full potential of peptide-
based nanostructures across diverse fields. A more detailed
theoretical understanding of peptide self-assemblies is crucial
for investigating the packing dynamics of the peptide assembly
process. To model the aggregation of peptide conjugates, cutting-
edge simulation techniques can be used. However, this requires
large-scale modelling to capture extended self-assembled struc-
tures from multiatomic molecules, similar to modelling of smal-
ler peptides. Artificial intelligence (AI) has significant potential
for navigating the huge search space of amino acid combinations
and presenting a subset of the most promising options. These
techniques can screen and find functional peptides and assem-
blies, potentially leading to new functional molecules in the field
of material research. Proteolysis resistant self-assembled peptides
can be fabricated as an efficient non-cytotoxic drug delivery
vehicle.>”® The peptide co-assembly produces materials whose
emergent properties are drastically altered when compared to the
self-assembled materials of the individual components. There is
a need and opportunity to investigate and understand these
multi-component materials. Peptide-based nanomaterials are
potential components in environmental applications such as
removing contaminants and poisons from wastewater through
filtration or adsorption. Functionalized peptides, leading
to the formation of heterostructures such as peptide metal-
organic cages (MOCs), peptide metal-organic frameworks
(MOFs), peptide covalent organic frameworks (COFs), and
peptide coordination polymer gels (CPGs), hold potential for
addressing the global energy crisis through applications in
energy storage, conversion, and solar cells. Overall, the future
integration of peptide-based nanomaterials across these
diverse fields holds tremendous promise for addressing global
challenges in healthcare, energy, and technology, driving
innovation and creating new opportunities for scientific
exploration and technological advancement.
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