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Peptide-based materials that have diverse structures and functionalities are an important type of biomaterials. In
former times, peptide-based nanomaterials with excellent stability were constructed through self-assembly.
Compared with individual peptides, peptide-based self-assembly nanomaterials that form well-ordered super-
structures possess many advantages such as good thermo- and mechanical stability, semiconductivity, piezo-
electricity and optical properties. Moreover, due to their excellent biocompatibility and biological activity,

peptide-based self-assembly nanomaterials have been vastly used in different fields. In this review, we provide
the advances of peptide-based self-assembly nanostructures, focusing on the driving forces that dominate peptide
self-assembly and assembly mechanisms of peptides. After that, we outline the synthesis and properties of
peptide-based nanomaterials, followed by the applications of functional peptide nanomaterials. Finally, we
provide perspectives on the challenges and future of peptide-based nanomaterials.

1. Introduction

Molecular self-assembly represents the spontaneous association of
individual molecules under thermodynamic conditions into a well-
defined and fairly stable supramolecule through non-covalent in-
teractions, and it is ubiquitous in nature [1]. Molecular interactions
maintain molecules at a stable, low-energy state [2].

Peptides that consist of amino acids can self-assemble into diverse
nanostructures, which usually show good biocompatibility and biolog-
ical activity [3,4]. Owing to their inherent advantages, functional pep-
tide nanomaterials are considered a kind of versatile materials that have
broad application prospects in the field of materials science. In recent
decades, many scientists have performed extensive studies of peptide
self-assembly and gained a certain understanding of it. Moreover,
well-ordered nanostructured supramolecules are extremely attractive
“bottom-up” biomaterials, which can be used in the fields of nanotech-
nology and nanomedicine [5,6]. The research of biomimetics and bio-
logically inspired nanomaterials is currently an important field and is
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rapidly escalated [7]. The peptide-based nanomaterial is attractive due
to several reasons:

L. Peptides synthesized through solid-phase methods could be
modified at the molecular level [8], yielding peptide-based
nanomaterials with customized properties.

II. Additional functionalization of peptide-based nanomaterials
could be performed by introducing exterior substances, such as
enzymes, to the peptide nanostructure [9].

III. The self-assembly process could be well-designed by tailoring the
secondary structures of peptide building blocks, such as a-helices
and p-sheets [10].

In recent decades, the development of peptide-based nanomaterials
has progressed rapidly. Some reviews from different perspectives have
summarized the recent advances in peptide-based nanomaterials. For
example, Levin et al. summarized recent conceptual and experimental
advances in self-assembling artificial peptidic materials [11].
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Apostolopoulos et al. discussed the current state-of-the-art short
peptide-based therapeutical developments [12].

In this review, we list the recent advances of peptide-based nano-
materials, from the aspects of peptide self-assembly mechanism, factors
influencing peptide self-assembly, and the applications of functional
peptide nanomaterials. Furthermore, the synthetic approaches and
properties of diphenylalanine peptides are classified and discussed.
Finally, we discuss the challenges and provide outlooks for future
research focuses and trends of the peptide-based nanomaterials.

2. Peptide self-assembly mechanism
2.1. Mechanism of peptide self-assembly

Peptide dissolved in a solvent can adopt a special conformation,
which usually determines whether the self-assembly occurs or not.
Secondary structures that prefer peptide self-assembly include a-helices,
fB-sheets, and B-hairpins. a-helix is the main secondary structural motif in
proteins [13-15]. Due to its inherent thermodynamic instability, linear
peptides with a-helix structures would lose their helical conformation in
solution when separated from their original environments [16]. There-
fore, the stabilization of o-helix is important to trigger peptide
self-assembly [17-19]. Approaches for a-helix stabilization include side
chain cross-coupling, hydrogen-bond surrogates [16], metal coordina-
tion [20], and salt bridge formation [21]. A 17-peptide segment
designed by Mihara et al. was stabilized into an a-helix structure by two
sets of E-K salt bridges, and further self-assemble into stable nano-
structures [22]. Short a-helical peptides show the ease of chemical
synthesis and modification but lack stability in solution. Therefore, the
de novo design of peptide assemblies based on ultrashort a-helical
peptides remains a challenge. Recently, Gazit et al. reported functional
super-helical assemblies formed by o-helical heptad peptides. They
incorporated a non-coded a-aminoisobutyric acid into the sequence to
stabilize the helical conformation of the heptad peptide. To drive the
directional self-assembly, they anchored two phenylalanines at the first
and fourth positions of the peptides, and the intermolecular aromatic
interactions provided by the side chains of phenylalanines dominate the
dimeric interface of the conformers [23].Compared to linear short he-
lical peptides, constrained peptides with crosslinkers represent a class of
more intriguing ultrashort helical peptide building blocks for peptide
assembly due to their hyperstability and low molecular free energy.
Based on a peptide scaffold with a thioether-containing side chain sta-
ple, Li et al. designed the coiled coil nanofibers from peptides that
contain five amino acids [24,25]. Lee et al. showed that peptide
self-assembly mediated by p-sheet could stabilize a-helix artfully, thus
making the peptide self-assemble to nanostructures in aqueous [26]. The
fB-sheet is also a critical secondary structural motif in peptide molecules.
There are many studies on the self-assembly of peptides based on
B-sheets. Lego peptides are a typical representative of peptides that
contain hydrophilic and hydrophobic surfaces [27-29]. Due to its mo-
lecular structure, Lego peptide can form f-sheet structures in aqueous
solution by hydrogen bonding. In water, -sheet formation and hydro-
phobic collapse of the aliphatic tail induce molecules to assemble into
supramolecular one-dimensional nanostructures, commonly cylindrical
or ribbon-shaped nanofibers [30]. RADA16-I peptide designed by Yokoi
et al. composed of alanine, aspartic acid and arginine. In aqueous so-
lution, the hydrophobic alanine residues gathered together to lower the
energy of the system, while the aspartic acid and arginine residues
attracted to each other through electrostatic interaction and arranged in
the outer layer of the assembly. Alanine residues can slide laterally to
reduce their contact with water molecules, and finally make the hy-
drophobic surface of the peptide chain completely fit to form a regular
B-sheet structure and self-assemble to form nanofibers [31]. In addition
to forming nanofibers, peptides can also self-assemble to form nano-
tubes, vesicles and other assemblies by f-sheet secondary structure
[32-34]. The assembly of peptide nanotubes provides an ideal model for
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a highly ordered, uniformly conformed antiparallel $-sheet system [35,
36]. p-hairpin is the derivative of B-turn, which requires the peptide
chain segment containing an amino acid sequence that can be bent.
Schneider et al. designed MAX1-7 peptides that can form p-hairpin
structure [37]. These peptides are typically composed of an alternating
sequence of hydrophilic lysine residues and hydrophobic valine amino.
By increasing the pH values of the solution or increasing the ion con-
centration of the solution to shield the electrostatic repulsion, the pep-
tides can form p-hairpin structures with lysine residues as the inner
surface while valine residues as the outer surface, and further utilize its
hydrophobic effect to self-assemble to form nanofibers [37-39].

Compared to individual peptides, peptide assemblies can act as
nanoscale scaffolds [40]. Diffusivity is the key difference between in-
dividual peptides and peptide assemblies. Diffusion of monomeric pep-
tides is faster than peptide assemblies. A way to control the peptide
assemblies is by controlling the diffusive kinetics of peptide monomers
[41]. Based on this feature of peptide assemblies, the concept of
enzyme-instructed self-assembly (EISA) is proposed, which means
yielding peptide assemblies through bond formation [42] or bond
cleavage [43] in an aqueous solution. Biologically important molecules’
formation and transformation are generally catalyzed by enzymes under
physiological conditions. Moreover, the expression levels of a series of
enzymes correlate with diseases. EISA may occur in the location of
disease or within the abnormal cells. Therefore, it is feasible to use EISA
to trigger the self-assembly of nanomaterials in situ and to diagnose and
treat diseases [44]. Peptide assemblies generated by EISA in the cellular
environment could mimic the bio-macromolecular condensates. Enzy-
matic substrate, the precursor for instructed assembly, which generated
via integrating a short peptide with naproxen (a nonsteroidal
anti-inflammatory drug (NSAID) and a ligand of cyclooxygenase-2
(COX-2)) [45]. As context-dependent signaling for the death and
morphogenesis of cells, the dynamic continuum of non-covalent fila-
ments is formed by the instructional assembly (iA) of supramolecular
phosphoglycopeptide (sPGP). iA, a multifaceted signal, controls the
behaviors of cells according to local enzyme activity [46].

In many cellular processes, molecular self-assembly regulated by
enzymes plays a key role, which inspires the development of small
molecule enzymatic hydrogelation [47]. There are three essential steps
in the enzymatic hydrogelation of small molecules: The enzyme converts
the precursor into a hydrogenator through bond cleavage firstly.
Hydrogenator self-assemble into nanofibers then entangle to perform as
the matrix for the hydrogel [43]. Besides, the self-assembly of small
molecules to form supramolecular hydrogels also has three character-
istics: The molecular arrangement within the nanofibers shows obvious
orderliness although the nanofibers are randomly entangled; The mo-
lecular order within the nanofibers can be polished by the relatively
simple structural modification of the small molecules; Small molecules
are more easily converted into hydrogelators [48]. Introducing o-[bis
(dimethylamino)phosphono] tyrosine protection strategy in the
self-assembly motif, the programmed precursor resists hydrolysis by
phosphatase inside and outside the cell, because the exposure of the
enzymatic cleavage site occurs selectively in the acidic lysosome envi-
ronment. The acid phosphatase in the lysosome instructs the
self-assembly of the hydrogel spatiotemporally in the lysosome [49].

2.2. Interactions responsible for peptide self-assembly

2.2.1. Non-covalent interactions of peptide self-assembly

Non-covalent interactions are widespread in nature, and help form
complex, advanced bio-molecular structures, for example, the DNA
double helix, secondary or higher-order protein structures, and the
phospholipid bilayer structure of cell membranes [3]. Non-covalent
bonds are weaker compared to covalent bonds and reversible. They
could aid peptide monomers in forming stable structures, although in-
dividual non-covalent bond presents weak bond energy [50]. Peptide
self-assembly is a spontaneous process driven by thermodynamics and
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kinetics. The intermolecular non-covalent interactions, including n-n
stacking, hydrophobic, electrostaticc van der Waals, and
hydrogen-bonding, could maintain the structural integrity and stability
of self-assembly systems (Fig. 1.) [51,52]. The final nanostructures’
thermodynamic stability and minimum energy state are determined by
the synergistic effect of non-covalent interactions [53-55]. Herein, we
focus on the following non-covalent interaction types to understand
peptides’ self-assembly.

2.2.1.1. Hydrogen-bonding. Hydrogen-bonding interactions are one of
the principal forces determining the self-assembly processes and the
structure of peptide assemblies [56]. The strength of hydrogen bonds is
10-40 kJ mol ™! at 298 K or about 5-10 kara per bond, making their
energies between those of the covalent bond and those of the van der
Waals interactions [50]. They can occur between atoms, molecules, or
ions and exist in gaseous, liquid, solid, or supercritical phases. Besides,
they can exist in non-polar environments. Peptides have abundant
hydrogen bond-forming sites [56]. Hydrogen bonds are essential for
forming and stabilizing peptides’ secondary structure and have selec-
tivity and high directionality that could induce the peptides’ assembly
into distinct nanostructures. Therefore, they are a particularly important
driving force for peptide assembly [57].

2.2.1.2. m-n interactions. n-n stacking, another kind of weak non-
covalent interaction, is also common in peptide self-assembly. It exists
mainly in the peptide nanostructures that assemble by peptides contain
aromatic amino acids, such as phenylalanine, tyrosine, and tryptophan.
Due to the limited solubility of molecules containing aromatic groups,
n-m interactions are very stable in water. Moreover, n-n interactions can
induce directional growth [58].

2.2.1.3. Hydrophobic interactions. Many studies have shown the
importance of hydrophobic interactions for the rational design of water-
soluble amphiphilic polypeptide molecules. Amphipathic molecules
tend to aggregate their hydrophobic tails in the interior of the aggregates
through hydrophobic interactions, while the hydrophilic heads are
exposed on the periphery of the aggregates and in contact with water. In
terms of inducing self-assembly, the hydrophobic interactions are stable
due to favorable entropy rather than favorable enthalpy. As long as
entropy is favorable, it may even be unfavorable [59]. Despite the
bonding energy is weak, hydrophobic interactions play an important
role in peptide self-assembly. The aromatic residues of the peptide
building blocks may function through hydrophobic interactions or n-n
interactions: it has been found that the organization pattern of aromatic
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residues in hydrophobic interactions is usually disordered, whereas in
n-n interactions the organization pattern of aromatic residues is ordered
[51].

2.2.1.4. Electrostatic interactions. Another type of non-covalent inter-
action employed in self-assembly is the interaction between charges
[60]. In contrast to the critical roles of hydrophobic interactions and
hydrogen bonding, electrostatic interactions are commonly used to
induce the structural specificity of charged peptides [61]. Electrostatic
interaction is non-directional and has weak bond energy, including
electrostatic attraction and electrostatic repulsion, as well as intra-
molecular and intermolecular electrostatic interaction of points. The pH
and ionic strength are two important factors in electrostatic interaction.
The electrostatic interaction greatly influences the self-assembly
behavior of peptides containing acidic or basic amino acids, so the
electrostatic interaction can be controlled by changing the pH or ionic
strength of the solution to influence the self-assembly process of pep-
tides [62].

2.2.2. Dynamic covalent bonding in peptide self-assembly

Peptide self-assembly may involve non-covalent and dynamic cova-
lent interactions [63]. Reversible covalent chemistries, such as disulfide
bond formed by cysteine residues and imine bond formed by the reac-
tion of aldehyde and amine groups, have been widely investigated as a
combination of non-covalent interactions in aid of peptide
self-assembly. Recently, Zhang et al. reported an interesting helical fibril
structure assembled from Cs-peptides bearing glycine-cysteine
(Gly—Cys) dipeptide pendants. The oxidation of the thiol groups forms
disulfide bonds between adjacent building blocks, which can stabilize
the left-handedness of the long helical fibers and enhance the overall
stability of the nanostructures [64]. Mechanically interlocked molecules
as prototypes of molecular machines have gathered much attention from
synthetic chemists. Recently, Link et al. achieved the synthesis of a kind
of mechanically interlocked peptides, enabling by the self-assembly of
fully peptidic, cysteine-decorated building blocks in water, which
generate a diversity of disulfide-bonded dynamic interlocked molecular
libraries [65].Besides the disulfide chemistry, the peptides decorating
with aryl aldehyde and acyl hydrazide functionalities were used to
construct peptide quaternary assemblies. A mixture of peptides with
complementary functionalities could react in mild conditions to form
peptide-peptide intermolecular macrostructures with tunable ring sizes.
More interestingly, sophisticated ladder structures could be formed by
controlling the proportions of reacting peptides. This study represents a
canonical method to create complex abiotic quaternary structures [66].
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Fig. 1. The patterns of forces involved in self-assembly and its generated structures [52].
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3. Factors influencing peptide self-assembling

The study of external factors that influence peptide self-assembly is
essential for the rational design of desired peptide-based nanostructures.
Factors affecting peptide self-assembly can be categorized into intrinsic
and external factors (Fig. 2). Intrinsic factors refer to the structure of the
peptide, including the sequence of the peptide, the number of amino
acids, and the properties of the amino acid side chains. External factors
include pH, temperature, solvent, ultrasound, and others. The peptide
sequence can be elaborated to achieve controllable self-assembly by
adjusting the factors influencing peptide self-assembly.

3.1. Intrinsic factors

The internal factors that affect the peptide self-assembly mainly
include the sequence of amino acids, the number of amino acids, and the
hydrophilicity and hydrophobicity of amino acids [67]. The common
peptide self-assembled structures include nanofibers, nanobelts, nano-
tubes, etc. The main reason for different self-assembly morphology is
that the electrostatic, hydrophilic, or hydrophobic interactions
providing by the side chains of different amino acid residues are varied
[68-71]. The nature of amino acid side chains plays a vital role in the
process of peptide self-assembly. For example, hydrophobic amino acids
lead to significant changes in the mechanical properties of the forming
materials and the self-assembly speed [70,72]. Therefore, rational se-
lection and design of peptide sequences are exclusively crucial for
studying peptide self-assembly.

A huge of studies have demonstrated the diphenylalanine and its
analogs could self-assemble into well-ordered nanotubes. Gazit et al.
revealed that diphenylglycine could form spherical nanometric assem-
blies [73]. The properties of diphenylglycine are similar to diphenyla-
lanine. TEM revealed that diphenylglycine peptides form spherical
nanometric structures while diphenylalanine peptides form nanotubes
under the same conditions. The side chain of phenylglycine is more rigid
than that of phenylalanine due to the side chain of phenylglycine lacks a
methylene group. The enhancement of the lateral growth ability makes
it similar to that in the long axis direction, so that the original tubular
structure becomes a spherical structure [74].

In peptides that possess very similar overall hydrophobicity and
charges, the arrangement order of amino acids could influence the self-

main chain+side chain

9
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assembly ability and morphology [75]. Therefore, a rational design of
the amino acid sequence is of great significance for the formation of
desired morphology to achieve controllable self-assembly [71]. Lee et al.
investigated the influence of the order of amino acid sequences on the
peptide self-assembly morphology [69]. They compared the
self-assembly behavior of Ac-(FKFE),-NH; peptide with other related
amino acid sequences: Ac-(FK)o(FE);-NH,, Ac-KEFFFFKE-NH,,
Ac-(KFFE)5-NH,, and Ac-FFKEKEFF-NH,. Under acidic conditions, the
Ac-(FKFE)»-NH; and Ac-(FK)2(FE),-NHy peptides self-assemble into
B-sheet nanoribbons at concentrations of 1.0 mM and 0.2 mM, respec-
tively. The Ac-KEFFFFKE-NHj, Ac-(KFFE),-NH,, and Ac-FFKEKEFF-NH,
failed to self-assemble into well-ordered structures at 0.2 mM, although
the Ac-FFKEKEFF-NH, peptide could form micelle-like aggregates at
higher concentrations. These findings evidence that amino acid
sequence patterns have a great influence on the ability and morphology
of self-assembly, even when the overall hydrophobicity and charges of
the peptides are very close.

The hydrophilic and hydrophobic properties of the amino acids
themselves and the sequences of the amino acids in the polypeptide
chain have an important impact on the self-assembly behavior of the
polypeptide. It can change the nanostructure morphology formed by
peptide self-assembly. Meng et al. studied the effect of systematic
changes in the type and number of hydrophilic and hydrophobic amino
acids on the self-assembly of the amphiphilic peptide [75]. The hydro-
phobicity of the peptide increased by replacing a more lipophilic amino
acid such as Glycine. In consequence, the self-assembled nanostructures
transformed from vesicles to tubes and ribbons. Based on these results
and others, it is apparent that the nanostructure’s morphologies were
closely related to the peptide sequences. It is thus possible to tune the
morphology of the self-assembled nanostructures by changing the pep-
tide sequences. Besides, it provides a valuable means for designing new
peptide nanomaterials [76-78].

Wang et al. observed the dynamic self-assembly of AgK and AgK
peptides [79]. At neutral pH, A¢K initially self-assembles into small
spherical deposits and fuse into large peptide nano-aggregates as a
building block for short nanofibers. In contrast, the self-assembly ki-
netics of AgK is faster. Small nanoaggregates were initially formed, then
the nanorods with diameters around 3-4 nm and a length of less than
100 nm were formed [77]. The differences observed during the
self-assembly could be ascribed to the increase in the length of the

amino group
N ;—12

H—C— COOH
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peptide bonds R group S0V ; )
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pH/Solvent
—_—
e
Temperature

Fig. 2. Factors of influencing self-assembly.
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hydrophobic peptide tail, which increases entropy gain and electrostatic
interactions while decreases the critical aggregation concentrations.

3.2. External influencing factors

The peptide self-assembly is affected by not only the nature and se-
quences of amino acids but also various external environmental factors.
Herein, we mainly introduce the effects of temperature, pH, solvent, and
ultrasound on peptide self-assembly.

3.2.1. Temperature

Hydrophobic interactions and hydrogen bonding interactions can be
affected by changes in temperature. When the temperature increases,
the hydrogen bonding effect is weakened, while the hydrophobic effect
is enhanced. In different systems, hydrophobic interactions and
hydrogen bonding contribute differently to the self-assembly of pep-
tides, so temperature changes have different effects on the self-assembly
behavior in different systems [80].

When the temperature rises from 25 °C to 110 °C and drops back to
25 °C, the secondary structure of L-EAK16 shows no change. The D-
EAK16 exhibits a p-sheet conformation at 25 °C. When the temperature
rises to 110 °C, it changes into an o-helix. When the temperature drops
back to 25 °C, the secondary structure remains an a-helical conforma-
tion, indicating that the secondary structure conversions are irrevers-
ible. DAR16-IV peptide powder dissolved in water has an o-helical
structure, while a stable p-sheet structure was observed after being aged
at 4 °C for several days. When the temperature rises to 50 °C, the p-sheet
conformation directly transforms into a stable a-helical conformation
without going through an irregular coiled state, and the kinetic process
is irreversible. However, after storing at 23 °C for several weeks, it can
return to a p-sheet structure [81].

3.2.2. pH

Under different pH conditions, the amino acid side chains of peptides
present different charge propensities [82]. Varying the pH could change
the protonation degree of amino acids. Consequently, it can impact the
electrostatic and hydrophobic interactions of peptides, enabling the
transformation of peptide assemblies from a particular morphology to
others [83]. Zhao et al. discovered that RATEA16 exhibits different
self-assembly behaviors in different pH solutions [84]. Under acidic
conditions (pH 3.5), there is a strong electrostatic repulsion within and
between the peptide molecules, which prevents the peptide from
forming long nanofibers. Under alkaline conditions (pH 12.5), peptide
molecules usually present neutral electricity, making it difficult to form
B-sheets. The charges on the surface of peptides are shielded due to the
formation of ion pairs by the charges within and between molecules. The
strong electrostatic attraction causes the hydrophilic amino acids to
gather together, and the hydrophobic Ala layer is exposed to water, then
the solubility is reduced, resulting in precipitation [85].

Stupp et al. studied the self-assembling morphology of C;eHs;O-
VEVEGRGD under different pH conditions [86]. At low pH, multilayered
nanobelts are formed due to the low protonation degree of C;4H310-V-
EVEGRGD. At high pH, the protonation degree was increased, and the
multilayered nanobelts broke into single bilayer nanobelts due to the
electrostatic repulsion.

3.2.3. Solvent

The solvent has a significant effect on the morphology of the self-
assembly. It can cause a huge change in morphology and directly
induce the chiral inversion of the nanofiber structure [87].

Huang et al. studied the self-assembly morphology of diphenylala-
nine peptide (.-Phe-;-Phe, FF) in different solvents [88]. Results showed
that the self-assembly of diphenylalanine formed into hollow tubular
structures with size in nanometers. Similar structures were also reported
in previous work [89,90]. Interestingly, microtubes and fibers were
formed when acetonitrile was mixed into the aqueous phase. In addition,
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the microtubes will disappear when the proportion of acetonitrile
increased. It shows that small size, highly uniform peptide nanofibers
can be obtained from pure acetonitrile solvent.

Yang et al. synthesized four dipeptides that are derived from D- and
t-alanines with long alkyl chains [91]. They studied the self-assembly
behavior of these dipeptides in water and tetrahydrofuran (THF).
Field-emission scanning electron microscopy images showed that di-
peptides organized into twisted nanoribbons and the terminal alanine
chirality controlled the handedness of the nanoribbons. More interest-
ingly, the handedness of the nanoribbons formed in the two solvents is
opposite.

4. Self-assembly of FF peptide: synthesis and properties

Many studies of peptide self-assembly systems have been reported so
far. In this review, a representative diphenylalanine peptide that can
self-assemble into nanotubes was selected for introducing its synthetic
approaches and properties. As for other systems, such as the self-
assembly of cyclic peptides, the readers could reference other reviews
[92,93].

4.1. Synthesis of Peptide Nanomaterials

Diphenylalanine is the smallest aromatic dipeptide derived from
B-amyloid (Ap) self-assembled peptides, and can self-assemble into
nanoarchitectures [74]. Different methods have been developed to
promote the self-assembly of FF and its analogs. Fig. 3 illustrates the
proposed models of FF self-assembly through diverse methodologies
[94-971].

4.1.1. Solvent control

Since Reches et al. discovered FF nanotubes through the self-
assembly of FF dipeptides in solution, the FF-based self-assembly has
aroused huge interests from researchers [74]. The homo-aromatic
dipeptide motif could form tubular, spherical, fibrillar structures with
nanoscale sizes. They performed the unidirectional growth of ADNT
induced by evaporation under mild conditions to form nanoforests. The
controlled pattern of this alignment tube was achieved by spreading
monomer building blocks dissolved in 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFP) on the siliconized glass. During the rapid evaporation of the
HFP solvent in the direction of the growth axis, the geometrically
restricted accumulation of the aromatic part derived by the
gas-liquid-solid system may promote the orderly organization of the
structure [94].

4.1.2. Chemical- and physical vapor deposition

Reches et al. found that diphenylalanine peptides could self-
assemble into well-ordered, hollow and long peptide nanotubes [98].
Through physical and chemical vapor deposition techniques, ordered
arrays of nanostructures can be formed, such as nanoforests, where the
gas-liquid-solid mechanism controlled the unidirectional growth of
nanotubes and nanowires. Shklovsky et al. developed new peptide
nanotubes (PNTs) by physical vapor deposition process that combines
the peptide building blocks’ "bottom-up" self-assembly process with the
"top-down" common sputtering technique [95]. By adopting the novel
vapor deposition process, new nanotechnology for PNT patterning can
be developed [95]. From the typical top and side views of the scanning
electron microscope (SEM) images of the deposited PNT, it can be
known that the orientation of the nanotubes is usually evenly distrib-
uted. The diameter of FF PNT ranges from 50 nm to 300 nm. By
adjusting the deposition parameters, the average length, thickness and
surface density of nanotubes could be controlled. This method allows the
use of biological elements to coat large, dense and uniform areas. The
obtained PNT possesses unique optical and electrochemical properties
[99].
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Positive-EF

FF molecules  55°C water

Fig. 3. Synthesis of Peptide Nanomaterials (a) The dipeptide monomer dissolved in an organic solvent is applied to siliconized glass, resulting in the formation of a
vertically arranged array of peptide nanotubes [94].(b) Schematic of the vapor deposition technique [95]. (c) Control the alignment of FF nanotubes through external
fields or different crystallization modes [94,96]. (d) Growth and control of vertical FF peptide microrod array [97].

4.1.3. Magnetic field control

A study by Abramovich et al. showed that a nanoforest could be
formed through the axial unidirectional growth of a dense array of
peptide nanotubes, and the nanotubes were horizontally aligned [94,
96]. These highly ordered peptide nanotubes possess excellent me-
chanical and chemical stability and can be modified with functional
groups. Their controllable arrangement allows them to be applied in
multi-array sensitive sensors, nanomechanical and nanofluidic devices
[94,95,100-102].

Previous studies have shown that magnetic fields can arrange
B-amyloid fibers for X-ray fiber diffraction [103,104]. Hill et al.
magnetically calibrated the FF tube in an aqueous solution of hexa-
fluoroisopropanol and used atomic force microscopy (AFM) to image the
residue [105]. Different from the previous experiment, in this experi-
ment, the FF tube is only subjected to the magnetic field, and there are
no other additional conditions. The arrangement that occurred in the
experiment can be ascribed to the influence of the magnetic moment
caused by the antimagnetic anisotropy of the aromatic ring of phenyl-
alanine. The aromatic ring plays a key role in the fiber-forming process,
and drives the orderly accumulation of aromatic rings through n-n
interaction [106,107]. According to the nanotube orientation in the
magnetic field, the orientation of the aromatic ring can be acknowl-
edged and compared with the model structure. Magnetic calibration is a
simple method for preparing ordered FF tube arrays and is a highly
relevant method for constructing functional nanoscale materials for
largescale applications [103,104,108-110].

4.1.4. Electrical field control

FF nanotube is a potential biomaterial for a piezoelectrical nano-
generator. Nguyen et al. demonstrated the growth of FF peptide
microrods with fully controlled polarization [97]. The FF peptide
microrods grew in an FF-concentrated solution [111]. The substrate
coated with a seed film was applied to an electric field. During the FF
peptide self-assembly, electrical dipoles of FF molecules were along the
applied electric field [112]. As reported, the orientation of the depos-
iting FF molecules will determine the polarization of the microrods.
Hence, the polarization direction of the microrods was the same as the
direction of the applied electric field.

4.2. Properties of peptide nanomaterials

4.2.1. Thermostability and mechanical stability

Some of the desired properties of peptide nanomaterials for flexible
devices include thermostability and mechanical stability. Understanding
the properties of nanomaterials is crucial to investigate their
applications.

Previous studies observed the thermostability of peptide nanotubes
under aqueous and dry conditions [113]. In a solution above the boiling
point of water temperatures, peptide nanotubes evidence excellent sta-
bility. Thermogravimetric analysis shows the durability of peptide
nanotubes at high temperatures. It also demonstrated that at a temper-
ature up to 150 °C, the peptide nanotubes remain stable and show the
same morphology as the untreated tube.

Sedman et al. used AFM to observe the structural stability of nano-
tubes after drying and heating [114]. When FF nanotubes were heated at
150 °C for a long time, their structural integrity was lost. The
morphology and size of the nanotubes remain unchanged when the
temperature is below 100 °C. However, at 100 °C, the nanotubes were
degraded due to the release of phenylalanine. The AFM image revealed
that as the temperature increases, the nanotubes deform and a groove
appears at the top of the cross-section. In addition, with the loss of the
smooth outer wall morphology of the nanotubes, the morphology along
the nanotube axis has undergone considerable changes. When the
temperature further increases to 150 °C, the nanotubes lose spatial
volume and form a structure similar to a flat ribbon. When the tem-
perature is up to 150 °C, a stable AFM image cannot be generated.

AFM was used to perform indentation experiments to study the
mechanical stability of peptide nanotubes [115,116]. Peptide nanotubes
were deposited on the surface of a mica plate and imaged by an AFM
[117]. The results show that the average stiffness of these peptide
nanotubes is 160 N/m and the Young’s modulus is about 19 GPa, which
is higher than other biological nanostructures.

Inorganic nanomaterials can be combined with polymer resins to
produce new composite materials with better thermostability and me-
chanical stability [113,117]. In addition, the mechanical stability of
composite materials has been significantly improved. Epoxy resins are
widely used in composite materials systems, but epoxy resins are brittle
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due to the limit of plastic deformation [118]. It is particularly important
to improve its mechanical stability and heat resistance. Compared with
other non-covalent self-assembly organic nanostructures, the
self-assembly diphenylalanine peptide nanostructures show significant
thermal resistance and good mechanical stability [113,117,119].
Studies have shown that the use of peptide nanotubes as nanofillers in an
epoxy matrix improves shear strength by approximately 70% and peel
strength by 450% compared to unmodified epoxy, while the thermal and
chemical durability of epoxy resins are retained [120].

The supramolecular stacking motifs are determined by the kinetics
and thermodynamics of the crystallization process. They code the op-
toelectronic properties of the peptide assembly [51]. The conductivity
and photoluminescence of self-assembled phenylalanine-tryptophan
(FW) nanostructures are better than FF nanotubes [121], due to their
much smaller bandgap [122]. These compact packing patterns inspired
Tao et al. to research the stability and mechanism of the
cyclo-glycine-tryptophan  (cyclo-GW) crystals(Fig. 4a and b.)
[123-125]. They demonstrated the crystal packing and excellent ther-
mostability and mechanical stability of cyclo-GW. As a dimer, cyclo-GW
exhibits a narrower energy gap structure than the monomer, so it has
long-term stable visible photoluminescence performance.

4.2.2. Semiconductivity and conductivity

The use of organic materials in nano-industries has attracted massive
attention in recent years [4]. One of the most studied bio-organic mol-
ecules is peptides [126,127]. Studies have shown that some natural
proteins have inherent semiconductivity [128]. Self-assembly structures
composed of short peptides may also possess semiconducting properties
[129]. Conventional semiconductive materials bear inherent limita-
tions. The increasingly developed peptide nanostructures may serve as
candidates for both bioinspired and durable nanoscale semiconductors.
Besides, its semiconducting properties can be easily tuned, doped and
functionalized [130,131].

Pioneering work in peptide self-assembled semiconductors was
performed by Gazit et al., who first proposed the concept of peptide self-
assembled semiconductors. Aromatic short peptide molecules were re-
ported sequentially self-assembling into oligomeric quantum dots and
then semiconducting nanotubes [132].
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Short aromatic dipeptides of diphenylalanine and phenylalanine-
tryptophan (FW) can form peptide nanodots (PNDs) with unique opti-
cal properties and crystal structures [132-134]. Tryptophan served as an
effective electron mediator for solid-state electron transport, and used a
conductive probe atomic force microscope to detect the ability of tryp-
tophan to strengthen electron transport through a network of PNDs
[135]. According to the results, although the FF and FW PND have
similar surface morphologies, the efficiency of electron transport
measured by FW PND at 1V is about five times that of FF PND. The
conductivity measured by the FW network is nearly three times higher
than the conductivity measured by the FF network.

Peptide-based nanostructures are generally synthesized in an
aqueous solution, thus affected by water. Using the Self-Consistent
Charge Density Functional-based Tight-Binding method augmented
with Dispersion interactions (SCC-DFTB-D), the electronic properties of
i-diphenylalanine nanotubes were studied [136]. Interaction between
water molecules and nanostructures and their existence in the central
hydrophilic channel are also discussed. The results show that the
interaction between the nanotubes and water causes the conduction and
valence bands to split and lead to greater dispersion, which may be
related to the alignment of the dipole moment of the water molecules
and the greater dipole moment of the entire structure. The presence of
water molecules increases the probability of transitioning electrons,
thereby increasing the conductivity of the nanotubes.

4.2.3. Piezoelectricity

Many natural biomaterials, such as peptides, possess weak piezo-
electricity due to the existence of polar bonds and natural asymmetry
[137]. These organic materials are important building blocks for modern
nanotechnology. Diphenylalanine has a great prospect due to its unique
piezoelectricity and the excellent mechanical properties of its derivative
structures. The studies on FF peptides exert a profound step toward
developing them into a biocompatible material platform [138].

FF peptides possess many intriguing properties, including strong
piezoelectricity, which have huge potentiality as a smart material
(Fig. 4c.) [139]. However, the antiparallel polarization and weak
piezoelectric coefficients of FF peptide limited its applications. Nguyen
et al. demonstrated the power generation of a peptide-based power
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generator. During the peptide self-assembly process, the control of po-
larization through applying an electric field also be shown. In this work,
a method of growth through the engineered FF seed film has been pro-
posed. During the seed film formation they controlled the water diffu-
sion, then the polarizations were uniform with the application of an
electric field. With controlled polarization and improved piezoelectric
strength, the vertical FF peptide microrods are used to fabricate a power
generator, the outputs of which were shown to exceed other bionic
generators [140].

Studies have shown that self-assembly diphenylalanine peptide
nanotubes exhibit exceptionally strong shear piezoelectric activity,
indicating that the polarization is along the axis of the tube [141]. Po-
larization components of PNT include both out-of-plane and in-plane are
measured. It can be seen that in PNTs, the only polarization component
is along the tube axis. To further prove the piezoelectric property of the
signal, the experiment gauged the AC voltage dependences of defor-
mation of the two tubes in opposite directions. The results showed that
even at a high AC voltage of 16 V there is no non-linearity or irrevers-
ibility. That is, the observed piezoelectric response is very stable, and
PNT can be driven at high excitation levels. The effective piezoelectric
generated by PNT is at least 60 p.m./V. In addition, PNTs exhibit linear
deformation over a wide range of driving voltages without irreversible
degradation. One notable feature is that the dependence of the observed
piezoelectric response on the tube diameter. For thick enough walls, the
piezoelectric response will only depend on the piezoelectric properties
of the underlying PNT material, not on the geometric constraints. The
bioinspired PNTs with strong and robust piezoelectricity make them
potential candidates for nano-piezoelectrics.

However, due to the limitation of the vertical nanotubes’ geometry
and the extremely high coercive electric field, the polarization cannot be
fully achieved, and attempts to switch polarization in this material have
not been successful before. Yet the applications of electronics and optics
containing switch polarization and create artificial polarization patterns
are unexplored [142]. In Bdikin’s work, they observed the process of
polarization switching and polarization pattern of FF-NTs annealed at
150 °C by using piezo-response force microscopy [143]. The annealed
tube exhibits a radial polarization switch with a threshold voltage of
approximately 30V and a polarization saturation of approximately
100V, as evidenced by the piezoelectric response hysteresis loop
acquisition. The relatively stable hysteresis loops and polarization pat-
terns observed by PFM prove that the molecular dipoles are partially
reoriented in the radial direction. The experimental results are supple-
mented by strict molecular calculations, which prove the electric field
induced the deformation of the aromatic ring and provide a solid
background about the corresponding polarization conversion.

In Vasilev’s work, the piezoelectric properties of microtubes assem-
bled from linear dipeptide diphenylalanine were studied, and the
piezoelectric coefficient matrix was derived based on the hexagonal
symmetry of the FF structure [144]. The self-assembly structure of FF
peptide is used to explain the strong piezoelectric anisotropy of the
piezoelectric coefficient [145]. Remarkably, the surface of the peptide is
easily functionalized, and it can anchor various biomolecules by har-
nessing free amino and carboxyl groups on the surface of the peptide as
binding sites [146]. The temperature dependence of the piezoelectric
coefficient of d15 in the range of 20-120 °C was studied experimentally.
When the microtube is heated to 70-80 °C, the varistor monotonously
decreases and is completely reversible. After an instantaneous temper-
ature rise to 120 °C, the piezoelectric response irreversibly decreased
from about 50 p.m./V to 32-35 p.m./V and remained constant within
the temperature range studied. The results show the importance of
temperature treatment.

4.2.4. Optical properties

During the self-assembly process, n-electrons of the aromatic system
delocalized and the free proton of hydrogen bonds transferred. The
peptide supramolecular semiconductor can continuously emit photons
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along the axis under excitation, making it an optical waveguide(Fig. 4d.)
[147,148]. The peptide-based quantum-confined nanostructure leads to
structure-related optical properties due to the forced coulomb interac-
tion between highly restricted holes and electrons, thereby forming
excitons with specific absorption and luminescence properties [149].
Studies have shown that aromatic rings’ interacting can be expressed
through spatial conjugation, and hydrogen atoms can shuttle between
the donor and acceptor groups in the hydrogen bond [150].The resulting
changes in the electronic structure can reduce the energy band gap and
promote the photoluminescence redshift to the visible light region. It
was proposed that the limitation of molecular rotation and vibration in
the crystal structure hinders the transfer of energy between molecules,
which allows photons to be continuously emitted, thereby enabling the
device to be used in optoelectronic applications [123].

The photoluminescence (PL) observations in the blue and ultraviolet
regions originating from excitons in peptide nanotubes have been re-
ported [151]. Experiments also showed a remarkable difference be-
tween PNT and FF monomers. The PL of a phenylalanine residue is at
284 nm. At the same excitation wavelength, the FF PNT revealed a sharp
peak at 305 nm. These findings provide new ideas for integrating PNT
into a new generation of optical equipment.

Extensive researches have been conducted on quantum confinement
materials in the field of photoluminescence [152]. However, due to
inherent limitations such as low biocompatibility and difficulty in
modulation, the application of traditional inorganic quantum-limited
photoluminescent materials in bioimaging and biomechanical in-
terfaces is facing severe limitations [153]. Tao et al. proposed an aro-
matic ring dipeptide that dimerizes into quantum dots as a building
block for further self-assembly into quantum-confined supramolecular
structures with different morphologies and photoluminescent properties
[154]. Experimental results show that the optical properties and
morphology of aromatic ring dipeptide self-assembly can be tuned. The
addition or loss of water molecules will cause the red or blue shift of the
UV photoluminescence. The density functional theory calculation
confirmed that the adding water molecules to PNTs will cause the
valence band peak to split, which corresponds to the observed move-
ment and the split of the UV-PL peak [155].

Peptide nanoparticles with fluorescence properties spark scientists’
interest in optical imaging due to their promising biodegradability. But
their restricted inherent optical properties limit their applicability as
high-efficiency imaging probes. To date, it is still unclear whether
fluorescent peptide nanoparticles with tunable optical properties could
be synthesized by self-assembly. Recently, tryptophan-phenylalanine
(Trp-Phe) nanoparticles were shown to transfer the inherent fluores-
cence signal of peptides from ultraviolet to the visible light range [121].
By optimizing the synthesis parameters, the dipeptide nanoparticles
(DNPs) that showed visible fluorescence properties, photostable,
biocompatible was produced.

5. Application of peptide nanomaterials
5.1. Supercapacitor

The PNT has been demonstrated to possess diverse favorable phys-
ical properties such as piezoelectricity, thermostability, and electro-
chemical properties. The superb electrochemical properties of PNTs
make them potential electrode materials for supercapacitors (SC).
However, SCs bear the problem of low energy density. The most direct
way to solve this problem is to develop electrode materials with larger
specific surface areas.

Carbon materials have been widely used as electrode materials for
supercapacitors, but it has low specific capacitance due to poor wetta-
bility. When the carbon electrode was modified with vertically arranged
PNT, its capacitance increased more than an order of magnitude [156].
It is worth noting that even after 10,000 cycles, the PNT electrode was
not significantly damaged. Based on previous work, Beker et al.
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examined the electrochemical performance of carbon electrodes modi-
fied with different densities and heights PNT coatings [102]. The data
showed that the PNT modified carbon electrode increases the available
surface area of the electrode, thereby increasing its capacitance. The wet
surface area in nano-scale hydrophilic channel of the peptide nanotube
is the critical factor affecting its capacitance.

Metal oxide, an electrochemically active material, can accelerate the
redox reaction on the electrode and increase the energy and capacitance
of the electrode. Therefore, by combining peptide-based nanostructures
with metal oxides, a new type of electrode for high-performance
supercapacitors can be produced. The peptide would dissolve slightly
in the electrolyte, resulting in a rapid decrease in the capacitance of the
device in the cyclic stability test. Depositing a layer of TiO» film on the
surface of the peptide can improve the performance of the capacitor. Hu
et al. studied the formation of TiO5 on the surface of self-assembly FF
nanotubes and probed its application in supercapacitors (Fig. 5a.) [157].
At a current density of 0.1 A/g, the TiO, modified peptide electrode has
a mass-specific capacitance of 125 F/g and an area capacitance of 8.6
mF/cm?. After 5000 cycles, the capacitance retention reached more than
95%, showing excellent stability and capacity as a supercapacitor.

Hu et al. designed cyclic pentapeptides of Ac-CAAAS5(X)-NHjy
(BDCPs) that varied in terms of in-tether chiral center substituents as
model peptides. They demonstrated that chirality-induced helical
BDCPs assemble into different nanostructures when the aromatic sub-
stituent provided n-n intermolecular interactions as a driving force [19].
On this basis, Hu et al. investigated the energy storage properties of
peptide assemblies as active materials for supercapacitors. The electro-
chemical properties of four groups of peptide molecules were system-
atically compared, the results showed that the energy storage capacity of
peptide materials could be controlled by peptide sequences. Via cyclic
voltammetry, constant current charge and discharge, and other elec-
trochemical measurement methods, they proved that chirality-induced
helical peptide materials have good cycle stability, rate and specific
capacitance properties [158].

Xiong et al. proposed a new core-shell nanobrick structure, peptide-
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CogSg, which has high prospects in the application of wearable super-
capacitors [159]. A self-powered system that integrates facile peptide--
CogSg//AC supercapacitors and triboelectric nanogenerators was
designed in order to further probe the application of peptide-CogSg//AC
supercapacitors in wearable devices(Fig. 5b.). Compared with TENG-,
the integrated TENG/SC system provides better power supply perfor-
mance for wearable electronic devices. TENG can convert environ-
mental mechanical energy into electricity, depending on the coupling
effects of triboelectrification and electrostatic induction. TENG has ob-
tained extensive attention in many research fields due to its advantages,
such as low costs, high conversion efficiency, and environmental
friendliness [160,161]. They are ideal materials for integration with
peptide CogSg//AC supercapacitors, due to its excellent stability and
flexibility. When TENG continuously charged for 2.7 h, the poly-
peptide-CogSg//AC supercapacitor can supply power to the red LED for
21 min, which demonstrated the high efficiency of the self-powered
function of the TENG/SC integrated system. In addition, no obvious
self-discharge was observed for a good while. All these characteristics
show that the TENG/SC system is very suitable for wearable devices.

Nguyen et al. reported a polypeptide-based battery (Fig. 5c.), in
which polypeptide cathodes and anodes contain redox-active side
groups to determine their redox activities and behaviors in the full
polypeptide batteries [162]. To clarify the energy-storage characteristics
of the battery, they assembled each peptide into a lithium metal
half-cell. Then a metal-free, polypeptide-based battery was constructed.
In addition, they determined the degradation products to demonstrate
the recyclability of the battery. Through the ring-opening polymeriza-
tion of highly reactive cyclic N-carboxylic acid anhydride, the viologen
and biTEMPO polypeptide were synthesized as the anode and cathode of
the battery, respectively. The polypeptide-based battery could reach a
maximum charge capacity of 37.8 mAh g™ 1.

5.2. Biosensing

The conformation of peptide changes under external stimulation, its

@)

PET
Peptide fiber
PVA/H,PO,

(b)

Peptide/CoyS,
~ KOH/PVA
ACon CC

>3 f}\

o '’

© CF50;

Fig. 5. (a) Schematic illustration for fabrication of the peptide@TiO, capacitor device [157]. (b) Preparation for peptide-CogSg core-shell nanostructures and
TENG/SC system [159]. (c)Schematics of the polypeptide-based organic battery [162].
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recognition function also changes accordingly. Therefore, the peptide
self-assembly system can be designed to have a molecular recognition
function and play an important role in biosensing [163]. PNTs are
considered as promising multifunctional molecular bricks for rising
nano-scale devices due to their electrical properties. Based on the spe-
cific interaction between PNTs and biomolecules, PNTs can be used for
biosensing.

PNT could bind virus-antibody without destroying the recognition
function, which makes PNT based sensors sensitive and versatile. The
sensor consists of two electrodes separated by a micrometric gap
(Fig. 6a.) [164]. The capacitance variations of the electrodes can reflect
the binding event between the virus and its antibodies. The composition
of polymers and semiconductors could be characterized by the capaci-
tance probe in nanoscale.

Yemini et al. designed and constructed a highly sensitive amperease
biosensor based on immobilized self-assembly peptide nanotubes
(Fig. 6b.) [165]. The ethanol dehydrogenase (ADH) and glucose oxidase
(GOx) were used as model enzyme systems to verify the superiority of
the sensor. By comparing the responses of the peptide nanotube elec-
trode and the bare electrode to hydrogen peroxide, the response current
of the modified electrode is significantly higher than that of the bare
electrode. After continuously adding 0.2 mM glucose to the GOx
modified peptide nanotube electrode, the current at the anode of the
peptide nanotube-based electrode immediately increased and reached a
stable state within a few seconds.

Abramovich et al. introduced the electrochemical characteristics of
FF NT-based sensors and compared them with CNT-based sensors [100].
Firstly, they separately deposited FF peptide nanotubes or carbon
nanotubes on the electrode surface. In the presence of carbon nanotubes,

(a)

antibody for virus virus
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the oxidation and reduction peaks are very close, which means a
reversible electron transfer reaction has occurred. However, the peaks
are higher while peptide nanotubes exist, which means the electrode
surface increases. When the two nanostructures were deposited on the
same electrode, this combination showed the best results.

Preparation of electrochemical peptide-based biosensor for matrix
metalloproteinase 2 (MMP-2) detection based on bimetallic Pt/Pd NPs
has also been reported [166]. The analytical performance of the
biosensor was significantly improved, due to the excellent catalytic ca-
pacity of Pt/Pd/mhCeOoNS (Fig. 6¢.). It is an effective strategy to
accurately determine MMP-2 using Pt/Pd/mhCeO,NS as nanocarriers
and transducing the peptide-based cleavage events into an electro-
chemical signal through targeting MMP-2.

In addition, combining PNTs with other biological materials can
form innovative hybrid materials. Peptide nanotubes have been used to
prepare nanometer-sized peptide-polymer hybrid nanotubes [33]. Cy-
clic peptides composed of D-and L-alternating amino acids can be
modified by certain chemical groups at different side chain positions.
The initiator of polymer hybrid nanotubes is the polymeric coating of
the polypeptide core, and the covalently bound polymer shell is used. By
self-assembly of dipeptide monomers in chitosan aqueous solution, a
new composite material of peptide nanotube and chitosan (PNT-CS) can
be prepared. The PNT-CS can be further used as an electrochemical cell
for detecting cancer cells [167].Peptides could be used as recognition
elements in biosensing due to the characteristics of peptides such as easy
access, easy modification, versatility and so on. A new molecular probe
composed of a photoacoustic dye, an antibacterial agent, and an
enzyme-responsive peptide as a linker was developed. It enables the
real-time and accurate detection of bacterial infection due to the
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self-aggregation of the molecules in vivo [168]. Besides, the in vivo
assembly-induced tumor retention was also reported. Bellat et al. pro-
posed a self-assembling nanofiber precursor (NFP) that is composed of
multiple components, which could optimize tumoral delivery efficiency
via using a combination of shape-controlled tumoral delivery,
charge-assisted penetration, and enzyme-induced drug retention [169].
Cheng et al. designed a therapeutic peptide assembling nanoparticle
with dual responsivity and intrinsic therapeutic potential for
tumor-targeted delivery and precisely controllable drug release [170].
Zhang et al. designed a small molecular precursor composed of purpurin
18 as a functionality and a Pro-Leu-Gly-Val-Arg-Gly (PLGVRG) peptide
as the enzyme-responsive linker, which can self-assemble into nano-
fibers in the tumor microenvironment. Due to the assembly-induced
retention effect, the photoacoustic imaging signal and tumor therapeu-
tic efficacy were improved [171]. In addition, the specific peptide
sequence is a specific enzyme substrate, which plays a vital role in the
determination of enzyme activity and the screening of enzyme in-
hibitors. Due to these special properties, peptides are ideal candidates
for the development of sensitive and convenient biosensors [172,173].

Bioactive Materials xxx (xxxx) xXxx

The above examples show that peptide-nanotubes biosensing integrates
the multiple disciplines of materials research, nanoscience and molec-
ular biotechnology. These interdisciplinary approaches help to develop
the novel field of bio-nanosensing technology.

5.3. Drug delivery

Compared with other delivery platforms, peptide-based nano-
structures have some advantages, including their chemical diversity,
biocompatibility, and specific binding to target proteins, making them
great potential for biomedical applications, such as drug delivery.

Nanoparticles self-assembled from doxorubicin conjugated peptides
have been considered as an effective modality for cancer treatment.
Rubert et al. proposed a method of hierarchically assembling of peptide-
based nanofibers with alginate to form microparticles [8], in which
doxorubicin is conjugated to the alginate core while the shell is func-
tionalized to target folate receptor (Fig. 7a.) [10,174].

Nucleic acid drugs have been used to treat viral infections, cancer,
AIDS. siRNA is easy to synthesize and can target any protein
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theoretically. The siRNA drugs have captured more and more attention
these years [175]. However, RNA drugs are easily degraded and cannot
penetrate cell membranes; there is an imperative need to develop effi-
cient and biocompatible nucleic acid delivery systems [176]. As a class
of self-existing biomolecules in living organisms, polypeptides are
highly biocompatible and have been proved to be effective nucleic acid
carriers, and their applications in biomedicine have attracted much
attention [177]. At present, the polypeptide carrier system is generally
long (longer than 20 amino acids), which is difficult to prepare and
expensive. Li et al. reported a novel siRNA-induced peptide co-assembly
nanocarrier, with high efficiency of RNA silencing, which has low
cytotoxicity and good biocompatibility both in vitro and vivo (Fig. 7b.)
[178]. This system is based on peptides modified with methionine, and
the peptide-nucleotides nanoparticle is with only nine amino acids.

Traditional molecular drugs have poor efficacy due to rapid meta-
bolic clearance in vivo, while nano-drugs can improve drug solubility,
tumor passive targeting, and blood circulation time [179,180]. An et al.
designed a TCASS system for tumor imaging and drug delivery(Fig. 7c.)
[181]. In this system, small-molecule peptides specifically recognize the
over-expressed X-linked inhibitor of apoptosis (XIAP) in tumors, which
triggers the activation of Caspase-3 in tumor cells that triggers molecular
splicing, enrichment and retention of self-assembled nanofibers in tumor
tissues. In addition, TCASS is metabolically similar to small molecules
that can be excreted quickly from the liver and kidneys, reducing sys-
temic toxicity. This work optimizes accumulation, infiltration, and
organ competition, reveals the mechanisms of effective retention and
accumulation in tumor sites, and analyzes the pharmacokinetics of the
system.

Anti-cancer chemotherapy drug, especially taxol, are widely used in
clinical practice. However, the taxol exhibits poor water solubility,
which limits its application and modification. Nanospheres, as rigid as
metal nanoparticles [182], formed by di-phenylalanine derivatives, can
be used to deliver single-stranded DNA and quantum dots [183]. It is
within this context that Wang et al. designed a Folic acid (FA)-Taxol
conjugate of FA-GpYK-Taxol [184], and reported a novel gelation
system.

Molecular hydrogels possess huge potential for drug delivery. A
molecular hydrogel mainly formed by taxol was proposed, which might
be developed into novel self-delivery systems. In this work, the ester
bond of taxol derivative(Tax-SA-GSSG) hydrolyzed to form the hydrogel
that can hinder the growth and metastasis of solid tumors. Side effects of
taxol during chemotherapy could be reduced due to the local adminis-
tration of taxol hydrogels which lower the concentration of taxol in
blood [185].

6. Conclusions and future perspectives

Peptides self-assembly means the spontaneous association of mole-
cules under specific conditions into well-ordered and fairly stable
structures. As one of the most common molecular self-organization
phenomena in nature, the study of self-assembly behavior is of great
significance for understanding the molecular interaction among bio-
logical molecules and creating novel functional materials. In addition, as
a kind of molecule with biological homology, peptides are ideal self-
assembling building blocks with superior biological and chemical
properties. First, through rational molecular design and diversified
peptide synthesis methods, millions of peptides with different structures
and specific functions can be generated, providing adequate sequence
analogs for parallel screening and optimization. Second, with good
biocompatibility, versatility, and biological activity, one can easily
customize the functions of self-assembly peptide nanomaterials for
unique applications, such as drug delivery, bioengineering, and others.

Self-assembled peptides can be categorized into four classes based on
their characteristics and functions, including “molecular Lego” “mo-
lecular switches” “molecular Velcro” “nanotubes” and “nanovesicles”.
The peptide self-assembly is mainly driven by non-covalent interactions.
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The main forms of non-covalent interactions include electrostatic,
hydrogen-bonding, hydrophobic, n-n stacking, and van der Waals in-
teractions. Peptides can self-assemble into various nanostructures,
which may exhibit intriguing properties, such as high thermostability
and mechanical stability, semiconductivity, piezoelectricity, and optical
properties, attracting more and more attention in biomedical and ma-
terial fields. Although peptide self-assembly is widely present in nature
and involves in regulating various life activities, the research on peptide
self-assembly and the construction of various functional bio-
nanomaterials using self-assembly methods is still in its infancy. At
present, the synthesis and application of self-assembled peptide nano-
materials are still impeded by several limitations. Although self-
assembled peptide nanomaterials have good biocompatibility and
biodegradability, their mechanical and functional properties need
further polish. Besides, as a scaffold material for in vivo drug release, the
peptide self-assembly is easily affected by the physiological environ-
ment, and the self-assembly is not stable enough. Incorporating inor-
ganic molecules can expand the properties of peptide assemblies, such as
mechanical and structural diversity. In the future, self-assembled pep-
tide materials should integrate more functions, such as targeting ability,
sensitivity, and direct therapeutic effects. Although there are many
forms of peptide assemblies, it is currently challenging to directly pre-
dict and regulate accurately from the molecular structure of peptides. As
great effort has been made, new methods of researching these peptide
structures including microfluidic and super-resolution microscopy could
provide views of the peptide self-assembly process and peptide struc-
tures. Although peptide-based nanomaterials are still challenging to
explore and use, they present huge promising future research.

This review summarizes the basic properties and applications of
peptide-based nanomaterials from the aspects of mechanisms, proper-
ties, and applications. Based on their ability to self-assemble, peptide
nanomaterials offer great potential applications in biomedicine and
biotechnology. The application of peptide nanomaterials in various
fields, such as supercapacitors, nanogenerators, biosensors, and drug
delivery platforms, has been established. The widespread applications of
peptide nanomaterials can significantly influence our daily life in the
future. Although many challenges will be confronted in exploring pep-
tide self-assembly, the future of peptide-based self-assembly nano-
materials is promising and achievable.
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