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Importance of chirality in the self-organizing
peptides — from single molecules to functional
supramolecular structures

Agata Chotera-Ouda, () °° Katarzyna Trzeciak {2° and Marek J. Potrzebowski (2 *°

Chirality plays a key role in the self-assembly of peptides, influencing their structural and functional
properties from the molecular to the supramolecular level. The stereochemistry of peptides determines
their assembly pathways, leading to the formation of well-defined nanostructures such as tubes, wires,
helices, fibers, sheets, and gels. This chiral self-assembly not only determines the mechanical and optical
properties of the resulting materials but also influences their biological interactions and functionality.
Understanding and controlling chirality in peptide systems is essential for the design of advanced
biomaterials with tailored properties for applications in nanotechnology, medicine, and tissue
engineering. This tutorial review article presents experimental techniques that are dedicated to the study
of chiral compounds, allow to determine optical purity, and determine the absolute configuration of the
studied species. Techniques for studying higher-order structures of self-assembled peptide systems are
also discussed. The role of non-covalent intermolecular contacts in the formation of crystal structures
made of heterochiral peptides is presented. The structure and morphology of peptide nanotubes (PNTs),
peptide nanowires (PNWs), and other functional peptide devices that arise from the self-assembly and
multiplication of chiral structural synthons (CSS), the smallest building blocks, are discussed. Finally,
examples of systems belonging to the category of soft materials (peptide hydrogels, organogels) are
presented.
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1. Introduction

In the history of the world and in the development of civiliza-
tion, there are phenomena that have always, from the very
beginning, controlled fundamental processes, but the knowl-
edge of their existence and significance appeared relatively
late." One of such phenomena is “chirality”’, which defines
the key properties of amino acids and nucleic acids, the most
important building blocks of living organisms.? Chirality,
derived from the Greek word “cheir”’, meaning hand, is the
property of asymmetry in molecules. Chiral molecules are non-
superimposing mirror images of each other, just like our left
and right hands. This property is crucial in various biological,
chemical, and physical processes and has significant implica-
tions in nature.’ Although many decades have passed since
Pasteur’s breakthrough discoveries of chirality in the nine-
teenth century, this scientific platform is still an area of active
research.®”® Chiral (and non-chiral) building blocks formed and
can form higher structures using different types of interactions,
which in the first approach can be divided into two groups,
covalent bonds and non-covalent interactions.” The latter
processes are a complex, multi-element phenomenon that is
the basis for the development of a very broad strategy called
“molecular self-organization”.’®'* In this approach, small
molecular building blocks spontaneously interact to form
hierarchical, functional chiral supramolecular materials. Com-
mon key interactions involved in the process include hydrogen
bonds, n-n stacking, Coulomb, and van der Waals interactions;
thus, in contrast with an approach based on covalent bonding,
supramolecular assemblies offer greater responsiveness and
tunability.’? A crucial role in self-organization is played by the
hydrophobic effect, which minimizes interactions between
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nonpolar side chains and water, promoting the aggregation of
peptides into ordered structures. The amino acids and short
peptides made up of L and d units play a special role among
chiral compounds.*** Thanks to their ability to adopt various
secondary structures, biocompatibility, and relatively easy
design and synthesis, short peptides provide versatile self-
organizing soft-matter'” and have been widely studied in recent
years for their implementation in the development of func-
tional smart materials, for example by incorporating synthetic
and biological'®™*® or (opto-) electronic moieties,'®*° providing
an effective interface with natural and artificial systems. More-
over, the fundamental knowledge and control over peptide self-
assembly can offer crucial information about the formation
principles of more complex protein aggregation.

Despite the great progress achieved in recent years in the
understanding of the molecular basis of homo- and hetero-
chiral peptide organization processes, the rational design and
regulation of their definite structure and function remain
challenging. In the case of many sequences, the introduction
of p-amino acids destroys their original organization, while for
some others, the heterochirality has positive effects on the self-
assembly and gelation. Hence, increasing efforts have been
focused on stereochemical factors that can influence the prop-
erties of the final assemblies, and broaden the repertoire of
inherent structural determinants, allowing the formation of
more diverse, although controllable, architectures.>

The aim of this review is to summarize recent findings in the
field and highlight the importance of chirality in the self-
organization of short peptides. Special focus is given to its
effects on the assemblies across different size scales - all the
way from atomic to macroscopic characterization. In the fol-
lowing sections, we discuss how the chirality of amino acid
residues influences crystal structure and molecular packing,
leads to the formation of various self-assembling morpholo-
gies, and finally results in materials of different properties, with
a particular focus on the supramolecular gels. Upon conclusion,
a few crucial remaining questions and future perspectives are
also delivered.

2. Chirality, basic definitions, and
methods for distinguishing
stereoisomers

Chirality is a fundamental geometric property of molecules and
objects that cannot be superimposed on their mirror images,
much like left and right hands. It is pervasive in nature,
manifesting across scales from molecular structures like amino
acids to macroscopic forms and even galaxies.”* In chemistry,
chiral molecules exist as two non-superimposable mirror-image
forms called enantiomers, often categorized as “right-handed”
or “left-handed” (Fig. 1. The source of molecular chirality often
lies in stereogenic elements, commonly a carbon atom bonded
to four distinct groups in a tetrahedral geometry (Fig. 1B).
Specifically, in the case of amino acids, they exist in nature
as either 1- or p- enantiomers (except of a non-chiral glycine).
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Fig. 1 Stereoisomers of amino acids. (A) Two enantiomers of alanine (L.-Ala and p-Ala) that are the mirror reflection of each other. (B) The general

structural formula for an a-amino acid.

The two forms are characterized by the different orientations of
the four substituents at the a-carbon. In the convention of CIP
(Cahn-Ingold-Prelog), the absolute configuration of 1. amino
acids is defined as S, while for b amino acids absolute configu-
ration is R. The presence of L-amino acids is clearly dominant in
the living organisms, resulting in homochirality of the biologi-
cal world. Taking into account this prevalent use of homochir-
ality in nature, and its preference towards single-handedness
of biopolymers, the chirality seems to be critical for a range
of complex processes. Nonetheless, the utilization of non-
proteogenic p-amino acids in biological molecules, even though
rare, seems to play an important role, since naturally existing
peptides that contain them include various bioactive peptides
such as peptidoglycans, opioid peptides, antibiotics, and cyto-
toxins, hormones, and others. The incorporation of p-amino
acids in peptides for biological applications has been predomi-
nantly investigated for increased enzymatic stability and anti-
microbial effects.”> The abovementioned discoveries can be
perceived as a motivation for employing p-amino acids in the
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design of building blocks for functional peptide-based materi-
als, and for comparative analysis of homo- and hetero-chiral
self-assembling peptide sequences, as well as their mixtures.

Currently, there are several experimental techniques that
allow to determine the absolute configuration of amino acids
and their enantiomeric purity (see Fig. 2, left panel). The right
panel shows the techniques used to analyze higher-order pep-
tide structures that are formed by short- and long-range inter-
molecular interactions (bottom panel). These approaches are
briefly described below.

2.1. Polarimetry

Polarimetry is a technique that measures the degree of rotation
of plane-polarized light caused by chiral molecules. It is well
known that the pair of enantiomers has identical physical
properties except for how they interact with plane-polarized
light. In normal monochromatic light, the electric field oscil-
lates in all directions. When light hits a polarizer, only that
part of the light that oscillates in the same plane in which the
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Fig. 2 Schematic representation of the self-assembly of chiral molecules across scales and a list of techniques used for its characterization.
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polarizing filter is positioned, can pass through. This plane is
called the plane of polarization, and the light is called plane-
polarized light.>* If the substance is optically inactive, the plane
of polarized light will not change in orientation. Chiral mole-
cules can rotate the plane of polarized light, and this property is
called optical activity. Optical rotation is the degree to which
the sample rotates the polarized light. Depending on the
direction of rotation of the light, the enantiomer is defined as
dextrorotatory (Latin: right, clockwise) and is labeled with the
prefix (p) or (+) or levorotatory (Latin: left, counterclockwise)
and is designated as (1) or (—).>® To compare the optical
rotation of different compounds under constant conditions,
specific rotation is used, a fundamental property of chiral
substances expressed as the angle at which the material causes
polarized light to rotate at a given temperature, wavelength and
concentration.’®*® Polarimetry determines the ratio of two
enantiomers and their purity and concentration. The measure-
ment of the enantiomeric excess (EE), and thus the determina-
tion of optical purity, is crucial for pharmaceutical applications
because different enantiomers may exhibit divergent physio-
logical effects. Optical purity (expressed as a percentage) is a
comparison of the optical rotation of a pure sample of
unknown stereochemistry with the optical rotation of a sample
of the pure enantiomer. The enantiomeric excess value can
range from 0% to 100%. The absolute value of EE is 0% for a
racemic mixture and 100% for an optically pure sample.”®?°

Polarimetry is generally used by pharmacopeias to deter-
mine the specific rotation in order to characterize optically pure
r-amino acids.’* The more sensitive type - laser-based polari-
metry has been applied in specific rotation measurements of
not only amino acids but also di- and tri-peptides.*°

2.2. Circular dichroism (CD) and vibrational circular
dichroism (VCD)

Circular dichroism (CD) is a spectroscopic technique based
on differential absorption of left-handed circularly polarized (L-
CP) light and right-handed circularly polarized (R-CP) light.
In the presence of chiral chromophores, one state of circularly
polarized light will be absorbed to a greater extent than the
other. CD spectroscopy is an essential analytical technique
used to analyze chirality in molecules through their optical
activity. Synchrotron radiation circular dichroism (SRCD)
spectroscopy offers significant improvements to the well-estab-
lished method of conventional circular dichroism (cCD)
spectroscopy. SRCD takes advantage of the high photon flux
available from the light source over a wide range of wave-
lengths, which results in higher signal-to-noise ratios and also
enables the collection of data at lower wavelengths than is
possible with cCD spectrometers. Fig. 3 shows the SRCD
profiles for L and b alanine.

The obtained CD spectrum does not constitute an intrinsic
property of the molecule, but rather depends on the molecular
conformation, meaning it is strongly related to the external
environmental factors, such as temperature, solvent, etc.

Vibrational circular dichroism (VCD) is the extension of
circular dichroism spectroscopy into the infrared and
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Fig. 3 Anisotropy spectra (thick lines) of isotropic amorphous p-Ala (red)
and L-Ala (blue) in the vacuum-UV and UV spectral region. Thin lines
represent the corresponding ee_ plots inducible by either left or right
circularly polarized light at £ = 0.9999. Amino acids were sublimated and
condensed in the form of isotropic amorphous films. Reproduced and
adapted from ref. 31 with permission from John Wiley and Sons, copyright
2012.

near-infrared ranges. The method is mostly applied for the
absolute configuration of chiral organic molecules®* but also
provides a possibility to determine the secondary structure of
proteins and peptides, complemented by observation of con-
formational changes. For instance, it was proven to be a useful
method for the structural analysis of naturally occurring
p-amino acid-containing peptides.** Importantly, the VCD
spectrum of the chiral molecule can be calculated using an
ab initio density functional theory (DFT) method.** The
method is currently gaining popularity due to the low amount
of sample required for a measurement and its complementar-
ity with X-ray and NMR methods.

2.3. X-ray diffraction (XRD)

X-ray crystallography is the major and routine analytical tech-
nique for determining the three-dimensional arrangement of
atoms in a crystal, revealing the absolute configuration of chiral
molecules.**° If the studied single crystal is of good quality
and the diffraction data is unambiguous, the resulting crystal-
lographic results provide accurate and reliable structural para-
meters that allow researchers to characterize and understand
the behavior and function of chiral compounds. The absolute
configuration of an optically active molecule, which possesses
one or more stereogenic centers, becomes determinable
through the effect of X-rays’ anomalous scattering (or anom-
alous dispersion).*>*° A widely utilized measure in determining
absolute configuration is the Flack parameter.*' In the compu-
tation of this parameter, a crystal is treated as if it were twinned
by inversion, and the occupancies of the two domains are
calculated. This parameter has a physical meaning in the range
from 0 to 1. However, experimental outcomes might occasion-
ally deviate from this range due to statistical variations and
systematic errors. The Flack parameter assumes a zero value
when analyzing an enantiomerically pure crystal in the correct
absolute configuration. However, if the crystal structure is
inverted, the Flack parameter equals 1.>**> Generally, deter-
mining the absolute configuration requires a heavy atom in the
structure. However, improvements in methods may allow the
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absolute configuration to be determined from the “light atom”
structures (i.e. C, O, and N).*

2.4. Nuclear magnetic resonance (NMR)

NMR spectroscopy is an effective technique in structural studies
and chirality recognition of various chemical compounds,**™
which uses the magnetic properties of nuclei.*® In the case of
enantiomers, samples with a single stereogenic center, the active
nuclei of NMR are isochronous in an optically inactive environ-
ment, so it is not possible to distinguish between them. However,
these nuclei are anisochronous in a chiral medium, resulting in
different NMR spectra for both enantiomers. There are two
general strategies for determining the absolute configuration of
compounds. These approaches involve forming a diastereomeric
pair of chiral molecules with chiral discriminating agents,** ™"
such as chiral derivatizing agents (CDA)>*~* and chiral solvating
agents (CSA),”® to obtain two different chemical species with no
symmetric relationship. CDAs form covalent bonds with the
functional group of the substrate, while CSAs create non-
covalent associations, such as hydrogen bonds, ion pairing,
dipole-dipole or van der Waals interactions. Among many differ-
ent chiral discriminating agents, Pirkle’s alcohol®® and Mosher’s
acid®”*® are often applied to analyse chiral compounds. The most
common NMR technique used to determine the stereochemistry
of chiral centres in molecules is "H NMR.****"** This is undoubt-
edly due to the properties of 'H nuclei, such as natural abundance
and great sensitivity to environmental modifications.>* Neverthe-
less, "H NMR spectroscopy has certain limitations, and some-
times, analysis of "H NMR spectra, even small compounds, is
complicated. Therefore, >*C NMR is an interesting alternative or
good combination with "H NMR spectroscopy.®*®” Other nuclei
used to determine the absolute configuration of organic com-
pounds are "°F NMR, *'P NMR, and "’Se NMR.**"* While apply-
ing multinuclear NMR spectroscopy for chiral discrimination and
absolute configuration assignment holds promise, it is crucial to
assess the reliability of such analyses for specific applications.
This evaluation is imperative owing to each element’s different
nuclear properties and general behaviors.

2.5. Ion mobility mass spectrometry

Ion mobility mass spectrometry (IM-MS) is a powerful analy-
tical technique used to separate and characterize ions based on
their size, shape, and charge. When applied to p- and r-amino
acids, IM-MS provides valuable insights into their structural
properties and stereochemical differences. Mass spectrometry
(MS) is a great tool to support chiral analysis in amino acids
and peptides. Even though MS is intrinsically “chirally blind”,
because two enantiomers have the same mass and typically
show identical mass spectra, some recent developments allow
for enantiomer differentiation. The advancements include ion
mobility mass spectrometry (IM-MS), photodissociation mass
spectrometry, and mass-selected photoelectron circular dichro-
ism (MS-PECD).”®> Specifically, IM-MS has been shown as a
promising new technique to achieve rapid isomer separation,
and a wide range of IMS-based methods have been described
over the years, including chiral ion mobility spectrometry
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(CIMS),”® high-field asymmetric waveform ion mobility spectro-
metry (FAIMS),”” traveling wave ion mobility and mass spectro-
metry (TWIM-MS),”® hybrid trapped ion mobility spectrometry-
time-of-flight mass spectrometry (TIMS-TOFMS),”® and many
others. In IM-MS, ions are first generated, usually by electro-
spray ionization (ESI), and then passed through a drift tube or
another mobility separator, where they are subjected to a weak
electric field. The ions’ drift time, which is influenced by their
size and shape, is measured and used to determine their
mobility. These measurements are then combined with mass
spectrometry to provide high-resolution data on both the mass
and structural characteristics of the ions.

For p- and r-amino acids, IM-MS can help distinguish
between enantiomers, as they can have slightly different ion
mobilities due to subtle differences in their three-dimensional
shapes. Although the mass of p- and t-amino acids is identical,
their ion mobility can differ, allowing for the potential identifi-
cation and differentiation of the two forms in complex mix-
tures. This technique is especially useful in proteomics and
biomolecular research, where the precise identification of
amino acid stereoisomers is crucial for understanding protein
structure, folding, and function.

Recently, a novel automatic analysis was reported, where the
measurement is divided into two stages - firstly, chiral deriva-
tization of samples with an (S)-naproxen chloride, and sec-
ondly, Trapped ion-Mobility MS analysis (TIMS-MS) shown in
Fig. 4.%° Developed protocol provides an interesting possibility
for progress in enantioselective high-throughput screenings.

Another new approach, providing access to chirality infor-
mation applicable to non-volatile molecular materials, such as
amino acids, has been proposed by a combination of electro-
spray ionization (ESI) with the detection of photoelectron
circular dichroism (PECD).*'

2.6. Fluorescence spectroscopy

Fluorescence spectroscopy is fast, relatively inexpensive, and
one of the most widely used techniques for studying numerous
biological systems. The enantioselectivity, conformational
changes, and binding properties of chiral compounds can be
easily recognized due to the high selectivity, sensitivity, fast
reaction time, non-destructive nature, and versatility of the
method.®*”®” Fluorescence measurements make it possible to
detect compounds in the systems under study, even if they are
present at very low concentrations. Fluorescence is the property
of specific atoms and molecules absorbing light at a particular
wavelength and then emitting light at a longer wavelength after
a short delay, known as the fluorescence lifetime. The emission
of electromagnetic radiation is associated with the transition of
the molecule between electronic states of the same multiplicity,
most often between singlet states S1 — S$0.%® This transition is
allowed by the quantum mechanical selection rule and is
accompanied by the emission of a photon. Fluorescence emis-
sion occurs at a rate of 108 s~ ', and the typical fluorescence
lifetime is near 10 ns. After absorbing energy in the form of
electromagnetic radiation, a molecule has several routes avail-
able to return to its ground state. The fluorescence process is

This journal is © the Owner Societies 2025
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Fig. 4 High-speed chiral analysis of amino acids (AAs); (A) the approach combines automated chiral derivatization with rapid TIMS—MS separation,
achieving diastereomer resolution in under 3 minutes per sample. The derivatization process is automated through an autosampler with an integrated
chromatography system. After ionization, the AA diastereomers are separated in the TIMS funnel based on their gas-phase mobility; (B) AA enantiomers
undergo chiral derivatization using S-NAP; (C) the TIMS—-MS system acquires 4D data, capturing retention time, mobility, m/z, and intensity; (D) extracted
ion mobilograms of S-NAP-AAs from an AA standard mix (er = 1) confirm successful resolution of most b- and L-forms as deprotonated ion species. Ser is
distinguished after forming a sodium acetate adduct (marked with *). Reproduced and adapted from ref. 80 with permission from American Chemical

Society, copyright 2021.

illustrated by the Jablonski diagram,® which is often used as a
starting point for discussing molecular processes occurring in
excited states involving the absorption and emission of light.

2.7. Other methods (kinetic resolution, HPLC,
electrochemistry)

Occasionally, other, more or less sophisticated methods are
applied in chirality-related research, especially in cases where
the isolation of the preferred enantiomer is necessary. This can
be achieved not only by a typical diastereomeric or preferential
crystallization, but also by kinetic resolution (chemical or
enzymatic) or chromatographic resolution.’® Kinetic resolution
is based on different reaction rates of two enantiomers with a
chiral catalyst or reagent, resulting in an enantioenriched
sample of the less reactive enantiomer. Various types of cata-
lytic strategies might be employed, using either a single organic
catalyst or enzyme, or a combination of two or more types
of catalysis, such as enzyme-metal, enzyme-organo, enzyme-
photoredox, heterobimetallic, and metal-organo.”" In peptide
specifically, since the conversion of r/p-amino is not uniform,

This journal is © the Owner Societies 2025

it is necessary to examine individual amino acids at each
specific site susceptible to isomerization. It can be performed
following one of the two chirality determination protocols:
a sequence-dependent strategy or a sequence-independent
strategy (see Fig. 5). The sequence-dependent strategy can be
applied to identify the isomerized position of the amino acid on
the sequence, where in the first step, an enzyme digestion
is performed, followed by a chromatographic method, such
as RP-HPLC, and a mass spectrometry analysis of collected
fractions. Next, the sequences are hydrolyzed to amino acids,
followed by a coupling to a standard protected amino acid, in
order to obtain Li- and pr- dipeptides that are easy to identify
due to different retention times.

In a sequence-independent strategy, the analysis starts with
a peptide or protein homogenization and separation of the
water-soluble and water-insoluble fractions that undergo enzy-
matic digestion. The digested peptides are then separated and
identified by an LC-MS analysis. Finally, their retention times
are compared to that of standard synthesized peptides with
several possibilities of enantiomer positions.>
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Fig. 5 Flow charts for the determination of p-amino acid residues in
peptides and proteins using (A) sequence-dependent and (B) sequence-
independent analytical methods.®>°% Reproduced and adapted from ref.
93 with permission from Elsevier, copyright 2018.

Regarding the direct chromatographic separation of stereo-
isomers, the conventional HPLC method cannot be successfully
applied, thus, chiral chromatography is used to separate com-
pounds into their optical isomers. Nowadays, it is usually
achieved by applying the chiral functionalized silica gel as a
stationary phase. Some chiral stationary phases (CSPs) can
separate a wide range of chiral compounds, while others are
useful only for specific types of samples. Commonly used are
normal-phase solvents; however, reversed-phase solvents are
sporadically applied for specific columns. In different approaches,
chiral additives in the mobile phase might be utilized, or deriva-
tization of the analyte to form diastereometric products of the two
enantiomers is performed, to allow a standard HPLC separation
later on. In addition, capillary and microchip electrophoresis have
recently emerged as powerful techniques for the analysis
and separation of stereoisomers of various chiral compounds,
including peptides.®*

Out of other separation methods, electrochemistry is spor-
adically employed for the determination of the chirality of
electroactive compounds. Such an approach often requires
the development of novel selective and sensitive sensors for
the recognition of 1- and p- amino acids.”>*”

Summary of common techniques used to distinguish stereo-
isomers, along with their typical limitations, presented as
Table 1.

3. Experimental methods for studying
higher-order structures of
self-assembling chiral peptides.

High-resolution detection methods are largely limited by the
nature of peptide self-assemblies, due to their poor water
solubility and non-crystalline nature, as well as the formation
of heterogeneous structures resulting in poly-dispersed samples
of different sizes, shapes, and possibly different conformations.
Moreover, treating solid-state constructs with solvents can destroy
their subtle morphology, leading to misinterpretation of struc-
tural data. It is therefore not surprising that experimental
methods designed for the study of condensed matter are
preferred and give the most reliable results. These techniques
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can be divided into three groups: spectroscopic methods,
diffraction techniques, and microscopic visualizations.

3.1. Spectroscopic methods

3.1.1. Magic angle spinning NMR spectroscopy (MAS NMR).
Magic angle spinning (MAS) NMR spectroscopy is a technique
used to increase resolution in solid-state nuclear magnetic
resonance (NMR) experiments.’® It is particularly useful for
studying solid materials, biomolecules such as peptides and
proteins,”* %" as well as complex heterogeneous systems in
which conventional NMR in solution fails due to broad spectral
lines caused by dipolar interactions and anisotropic effects.
Since the molecular packing of chiral amino acids and their
racemic mixtures is usually different, MAS NMR techniques have
found a plethora of applications in the study of heterochiral
crystal systems.'® In addition, MAS NMR is an invaluable tool
for the analysis of subtle differences at the molecular level in
higher-order solid peptide structures and changes forced by the
disruption of the stereochemistry of building units.

During the MAS NMR measurement sample is spun rapidly
at an angle of 54.74° relative to the applied magnetic field (B,)
(See Fig. 6).'°*'%* This angle corresponds to the magic angle,
where the second-order Legendre polynomial (3cos®0 — 1)
vanishes, reducing dipolar broadening and chemical shift
anisotropy (CSA). Typically, the sample is packed in a rotor
and spun at speeds ranging from a few kHz to over 100 kHz.
Faster spinning leads to better averaging of anisotropic inter-
actions, yielding sharper spectral lines. Fast sample spinning
(over 60 kHz) is in particular important for recording the high-
resolution "H MAS spectra.'®®

One of the greatest weaknesses of NMR spectroscopy is the
low sensitivity of the measurements. This problem is especially
acute when ‘“rare” spins are studied. This group includes such
nuclei as "*C and "N important from the point of view of
structural research of amino acids and peptides. The natural
abundance of "*C is approx. 1.1%, for the >N isotope approx.
0.36%. Sensitivity, which is a critical factor determining the
time of measurement of one-dimensional spectra, becomes even
more important with multi-dimensional NMR experiments, as
experimental time increases with the introduction of additional
indirect dimensions. Sensitivity enhancement results in the
reduction of experimental time and hence can more efficiently
lead to refined structural insight and complex information on
molecular dynamics within the NMR time scales.'%°

In the solid state, the sensitivity enhancement for rare nuclei
with low gyromagnetic ratio X is often achieved through Cross
Polarization (CP).'®” CP provides sensitivity enhancement by
transferring polarization from highly abundant protons to
X nuclei. Due to the excitation of protons and observation of
X nucleus, an increase in S/N is expected, proportional to
gyromagnetic ratio y./yq (4 for **C and 10 for '°N), but in real
cases, this factor is always smaller. Another benefit of CP is the
possibility of reducing a repetition delay due to favourable
relaxation properties of "H nuclei.

In the case when the samples are not fully solid but have some
degree of motional restriction, e.g. peptides’ semi-solids, hydrogels,
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Table 1 The techniques for distinguishing stereocisomers

View Article Online

PCCP

Technique

Description

Limitations

Polarimetry

Circular dichroism
(CD)

Synchrotron radiation
circular dichroism
(SRCD)

Vibrational circular
dichroism (VCD)

X-ray diffraction (XRD)

Nuclear magnetic
resonance (NMR)

Ion mobility mass
spectrometry (IM-MS)

Fluorescence
spectroscopy

Kinetic resolution

High-performance
liquid chromatography
(HPLC)

Electrochemistry

and slurries. High-resolution magic angle spinning (HR-MAS) NMR

v Measures the angle of rotation of plane-polarized
light

v Determines optical purity, distinguishes
enantiomers

v Monitors stereochemical changes in reactions

v Measures differences in absorption of left- and
right-circularly polarized light

v Provides spectra with a shape and intensity
characteristic of each enantiomer, enabling
identification

v Enables the distinction of enantiomers

v Enhanced CD technique using intense
synchrotron light with a wide wavelength range
v Provides a higher signal-to-noise ratio

v Enables data collection at shorter wavelengths
v Extends applications of conventional CD

v Measures differential absorption of circularly
polarized light in the infrared region

v Determines the absolute configuration of organic
compounds

v Provides info on secondary structure and
conformational changes in peptides and proteins

v Provides 3D atomic-level molecular structure
v Determines absolute configuration

v Analyzes chiral compounds by interaction with
chiral shift reagents or by forming diastereomers
v Determines enantiomeric excess and absolute
configuration

v Can study various nuclei (proton, fluorine,
carbon, selenium)

v/ Separates ions by size, shape, and charge in a
buffer gas under a weak electric field

v Distinguishes enantiomers (e.g., p- vs. L-amino
acids) via subtle 3D structural differences affecting
mobility

v Offers fast, precise, and sensitive chiral analysis
with low sample consumption

v Fast, affordable, sensitive method for studying
chiral fluorescent molecules

v Enables chirality recognition and determination
of enantiomeric excess

v Detects compounds at very low concentrations

v Separates enantiomers by selectively reacting one
to form a new product

v Yields enantiomerically pure compounds

v Used to determine absolute configuration

v Common in synthesis and chiral analysis

v Separates and quantifies enantiomers using
chiral stationary phases

v Can use chiral additives or derivatization to form
diastereomers for separation

v Distinguishes enantiomers and diastereomers by
differences in redox potentials

v Cannot distinguish diastereomers or racemic mixtures

v Varying conditions, including solvent, concentration, and
temperature, can affect the results
v Requires precise experimental conditions

v The results are strongly dependent on the solvent, temperature,

or pH
v Requires clean samples

v Spectra can be difficult to interpret for complex systems

v Sometimes needs support from other techniques

v Requires synchrotron access

v Despite its higher sensitivity, it still has limitations in
distinguishing stereoisomers with similar spectra

v Sensitive to the confirmation and environmental conditions
v Often needs DFT calculations

v Low signal intensity compared to other spectroscopic methods
v Requires high-quality crystals, which are difficult for large,
complex, or unstable molecules

v Requires relatively large amounts of a clean sample (at least a
few milligrams)

v The analysis of complex spectra can be difficult and
time-consuming

v Requires specialized equipment and expertise

v Analyzing complex mixtures can be challenging, as the presence
of many similar compounds often complicates spectrum
interpretation

v Not all compounds naturally fluoresce, which sometimes
requires labeling or molecular modification
v Sensitive to pH, ionic strength, and quenchers

v Difficult to distinguish molecules with similar fluorescence
properties

v Max. yield for one enantiomer is 50% without recycling
v Requires separation of product from unreacted substrate
v Often needs advanced variants (e.g., dynamic or parallel
resolution).

v HPLC requires a properly selected methodology

v Sometimes it is associated with high costs and the need for
laborious optimization of conditions

v Only for electrochemically active molecules
v Differences may be subtle, which can make unambiguous
identification difficult

soft matter, enables high-resolution spectra similar to solution

is a technique of choice. This technique, dedicated to the study of NMR while retaining solid-like sample conditions.'*®
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Fig. 6 Schematic representation of MAS NMR measurement and exemplary spectra. (A) Visualization of the idea of magic angle spinning NMR
spectroscopy. Reproduced and adapted from ref. 104 with permission from Elsevier, copyright 2014. (B) Solid State NMR spectra of L-histidine HCl
recorded with spinning rate 60 kHz (a) *H MAS NMR (red), (b) *H-13C CP MAS (blue), and (c) *H-'*N CP MAS (black).

3.1.2. Vibrational spectroscopy. Vibrational spectroscopy
allows to identify and classify compounds based on vibrations
produced by their bonds, with infrared (IR) and Raman spectro-
scopy being its two primary types. IR spectroscopy measures the
absorption and transmission of infrared light. During the
measurement, the sample is irradiated with a broadband of
infrared frequencies, and the intensity of the reflected or
transmitted radiation is measured as a function of frequency,
which can then be used to reconstruct an infrared absorbance
spectrum. Some interesting advanced IR methods suitable for
chirality and helicity analysis include 2D-IR and ultrafast IR
spectroscopy.'>''* Basic FT-IR (Fourier-transform infrared
spectroscopy) does not directly measure chirality, but rather it
detects structural features influenced by chirality changes since
they affect the formation and strength of hydrogen bonds in
peptides. Specifically, heterochiral peptides often exhibit dif-
ferent hydrogen-bonding networks compared to homochiral
peptides, which FT-IR can probe.

Raman spectroscopy is another technique used to determine
the vibrational modes of molecules, and it relies upon the
inelastic scattering of photons, known as Raman scattering.
While IR examines the wavenumber at which a functional
group has a vibrational mode, Raman observes the shift in
vibration from an incident source. Moreover, while IR absorp-
tion requires a dipole moment or change in charge distribution
to be associated with the vibrational mode, Raman signals
occur because of a molecule’s polarizability. This results in
the complementarity of both techniques. Even though Raman
spectroscopy is not regarded as a direct chirality analysis tool, it
can be effective in enantioselectivity studies.'"" A relatively new
method combining the variability of scattering experiments
with the structural sensitivity of chiral spectroscopy is called
Raman optical activity (ROA) spectroscopy. ROA measures a
small difference in the intensity of Raman scattering from
chiral molecules in right- and left-circularly polarized light,
providing unique and detailed information about molecular
structure and conformational dynamics."’> ROA has been
applied for various studies of peptides and proteins, for example,
the decomposition of ROA experimental spectra into calculated
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spectra of individual conformers, has led to the construction of
the two-dimensional potential energy surface (“Ramachandran
plot”) for the alanine dipeptide Ac-Ala-NHMe.'*?

3.1.3. UV-Vis. UV-Vis spectroscopy is a rapid and non-
destructive method for measuring the absorbance of specific
chromophores, such as aromatic side chains or peptide bonds,
providing valuable structural insights, including information
about secondary structures and conformational changes.'"*
UV-Vis spectroscopy alone cannot measure chirality directly,
as it does not distinguish between enantiomers. However, in the
context of chirality studies, it is especially powerful when com-
bined with circular dichroism (CD), as CD reveals details about
the chirality and secondary structure of peptides through the
differential absorption of circularly polarized light. Recent devel-
opments in the area include the design of small-molecule probes
that can determine the enantiomeric excess and concentration of
amino acids"" or the exploration of amino acid chiral sensing in
visible light, for example, by hydroxypropyl cellulose (HPC) gel.'*®

3.1.4. Powder X-ray diffraction (PXRD). Despite its poten-
tial, single-crystal X-ray crystallography (SC-XRD) is not always
applicable in the case of peptides because it requires identical
conformation of peptide copies throughout a sample and a
three-dimensional packing.’'”'*® When there are difficulties in
obtaining a good quality single crystal of a peptide, another
informative experimental method might be applied - powder
X-ray diffraction (PXRD). It is a valuable tool for determining
whether self-assembled peptide structures exhibit crystalline or
amorphous characteristics. Since heterochiral peptides fre-
quently organize into structured formations such as nano-
fibers, nanotubes, or others, PXRD can detect these by showing
distinct diffraction patterns compared to assemblies of homo-
chiral peptides. The diffraction peaks obtained from PXRD
yield critical insights into the periodic distances within the
peptide structures, including aspects such as layer spacing,
helix pitches, and the B-sheets configuration. Furthermore, the
data generated by PXRD can substantiate computational
models regarding the spatial arrangement of peptides within
the assembly, validating the data predicted from molecular
dynamics or quantum mechanical simulations.
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Peptides that form amorphous or poorly crystalline aggre-
gates present significant challenges for study through PXRD.
In such cases, small-angle X-ray scattering (SAXS) and wide-
angle X-ray scattering (WAXS) are particularly useful. SAXS
analyzes structures at low scattering angles, delivering informa-
tion about large-scale assemblies and their general shapes,
such as bundles of fibrils or layered configurations. In contrast,
WAXS examines higher scattering angles, providing insights
into short-range molecular ordering and crystallinity, including
the arrangement of peptide backbones, hydrogen bonding, and
stacking interactions at the angstrom scale. A combination of
SAXS and WAXS methods enable hierarchical structural eluci-
dation from the molecular-level details up to the micron scale
dimension of the nanotubes, thereby playing a crucial role in
the understanding of multi-scale peptide assembly.'***?°

3.2. Microscopic methods

One of the direct ways to observe the formation of self-
assembling structures is through microscopic methods. Among
them, transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), atomic force microscopy (AFM), and
scanning tunneling microscopy (STM) are the most popular
(see Table 2).

3.2.1. Transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM). Already 30 years ago TEM was
applied to study the influence of molecular chirality on the
supramolecular helicity."*' Since then it has been used in
countless studies focused on self-assembled organic morphol-
ogies. TEM and SEM allow real-space observation of local
structure with high resolution. Over the years the improve-
ments in TEM technique resulted in resolution reaching pict-
ometers and energy resolution to about 100 mV. Nowadays,
there are many advanced modes such as HR-TEM, STEM, and
3D tomography offering better ways of imaging, while methods
like EDX and similar, allow analysis of element specificity.'*>
Even though EM offers a near-atomic-level resolution, it
requires drying or freezing of the sample, thus limiting the
evaluation of dynamic processes. Moreover, the metal shadow-
ing and electron-beam are other important issues in these
imaging options."*® While comparing TEM and SEM, the main
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differences lie in the resolution (higher for TEM), and sample
preparation (for TEM - samples not thicker than approx.
100 nm), thus it makes SEM perfect for a large-scale overview
of present morphologies, while TEM is excellent for more
detailed imaging.

3.2.2. Liquid cell electron microscopy (LC-EM). Recently
efforts have been focused on ways to overcome the limitations
in following the dynamic processes by EM. One of them is the
development of liquid cell electron microscopy (LC-EM) tech-
nique that enables observation of liquid specimens in real time,
and has already been used to study the dynamics of organic
molecular assemblies. It seems that the development of liquid-
phase EM methods, followed by their application in the studies
of organic compounds, might truly revolutionize the field."**
Similarly, another way of progress might be expected in the
application of novel cryo-TEM methods to achieve near-atomic
to nanometer resolution using single particle analysis,"*>"*® as
well as cryo-electron tomography.’*” Another great new devel-
opment in the area of EM imaging is 4D STEM that captures a
full 2D diffraction pattern at each pixel position in a STEM,
generating a 4D data cube for further analysis, including maps
of local crystal orientation, structural distortions, crystallinity,
or different structural classes.'*®

In the study of the influence of chirality on the organization
of peptides, EM is and will undoubtedly remain the gold
standard of imaging. The observed development of well-
known new methods, as well as the use of completely new
tools, provides increasingly broader possibilities for analyzing
structures at both the molecular and supramolecular levels.
Moreover, additional possibilities, such as the observation of
dynamic processes or 3D imaging, open broader perspectives
for studying changes in the created morphologies and even the
slightest differences between them.

3.2.3. Scanning tunneling microscopy (STM). STM is a
technique that enables the visualisation of atoms on solid
surfaces.'*® STM was developed to analyse conductive surfaces;
however, shortly after their invention, it was reported that STM
could analyse biological samples after they were deposited
on conducting substrates."”**'*' STM allows the obtaining of
ultra-high resolution images of a sample’s surface on the

Table 2 Displays comparison between various types of microscopy applicable for nanoimaging of peptide-based materials

Technique STM AFM TEM SEM
Resolution >0.01 nm >0.1 nm >0.01 nm >1nm
Imaging principles Tunneling electrons Inter-atomic forces Electrons Electrons
Environment Air/vacuum All Vacuum Vacuum
Advantages v Excellent resolution v 3D imaging v Good resolution v Good resolution
v 3D imaging v Applicable to conductors v Possible tomography v Possible tomography
and insulators
v High temperature range  Low cost v Diffraction v Diffraction
v Height and phase imaging v Imaging in solution v Imaging in solution
Challenges v Applicable to conducting v Possible tip artefacts v Only 2D imaging v Low resolution

samples
v Fragile and very expensive
v Time consuming

v Difficult to operate

This journal is © the Owner Societies 2025

v Limited vertical range
and magnification range

v Expensive
v Radiation damage

v Difficult sample
preparation

v Only 2D imaging
v Applicable to
conducting samples
v/ Radiation damage
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subnanometer scale and has been proven to be a powerful high-
resolution technique in studying the chiral recognition and
single-step assembly of amino acids or peptides.’** STM is a
natural choice of technique for studying peptide self-assembly
due to its high spatial resolution. It allows the study of
molecular structures in real-time, meaning that conformational
changes or interactions between biomolecules can be observed
in situ. This affords precious insight into the behaviors and
functions of biomolecules in their native state.'** Moreover,
STM can image biomolecules in liquids'** and other condi-
tions, such as ultrahigh vacuum,"> atmosphere'*® or gases,
without compromising their structures and biological activity,
rendering this technique well-suited for studying delicate bio-
molecules. STM belongs to the family of scanning probe
microscopes (SPM), distinguished by using an exceptionally
sharp tip to probe the surface of a sample. STM exploits the
quantum mechanical phenomenon of electron tunneling,
where electrons tunnel from a conductive tip to a conductive
surface at a distance below 1 nm.'? The small tunneling
current depends on the tip-surface distance and bias voltage;
therefore, these parameters can be optimized for high-
resolution surface scanning.'*” Hence, STM can work in two
different modes depending on the application. Images can be
generated in constant height mode, where the tip is scanned at
a fixed height above the sample surface, and changes of the
tunneling current are measured, allowing for rapid scanning of
smooth surfaces. Alternatively, the constant current mode is
used for highly rough samples, and then the tip also scans
perpendicular to the surface to maintain the given tunnel
current. This mode is more time-consuming but can be used
even on irregular surfaces.®” Undoubtedly, the key advantage
of STM is its high resolution, which allows the mapping of
surface topography and electronic properties with much greater
detail compared to other microscopy techniques. Moreover, the
analysis necessitates only a few micrograms of the sample,
which can usually be used for further testing. Additionally, STM
can work in various environments from zero Kelvin to several
hundred degrees Celsius."*®* STM can be demanding because it
requires stable, clean surfaces, sharp conductive tips, and low
vibration levels. Despite some limitations, STM is an effective
and important tool in studying self-assembling peptides.
3.2.4. Atomic force microscopy (AFM). AFM was developed
almost four decades ago, as a way to image objects in nano-
meter resolution. Thus, for many years now it is one of the
standard imaging options in self-assembly studies, providing
not only great visuals of the structures but also a lot of
information about their physicochemical properties, such as
topography, mechanical strength, or dynamics. There are two
methods of AFM - a standard dry mode, widely used for many
studies over the years, and in situ AFM - a method allowing
direct observation without drying. The second is especially
important for imaging hydrogels and other wet peptide-based
soft matter and can be efficiently combined with rheological
measurements of the material."”*> One of the new advances
called High Speed AFM (HS-AFM) offers high-resolution imaging
of fast dynamic processes, such as the assembly and disassembly
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of peptides. Even though HS-AFM has been previously applied to
follow dynamics in biological systems, just recently started to get
attention in the field of synthetic supramolecular chemistry.***'4°
An example of the next step in its advancement is the development
of HS Bimodal AFM which allowed obtaining high-speed nano-
mechanical mapping of the collagen growth."*'

3.2.5. Other microscopic techniques. Sporadically, other
microscopy techniques are used for imaging of self-assembly
process. One of them is confocal laser scanning microscopy
(CLSM) that offers much better resolution than a traditional
fluorescence microscope, is not limited by drying or freezing,
can be used to obtain 3D images, and allows to follow the
dynamic processes.’*® Some powerful types of CLSM with
super-resolution have been developed, including stimulated
emission depletion microscopy (STED) and a group of techniques
known as single-molecule localization microscopy (SMLM).

There are also promising results coming from the develop-
ment of advanced techniques combining microscopy and
spectroscopy methods, such as Raman and Fourier transform
infrared (FTIR) imaging.'**"*3

3.3. Computational methods

In recent years, extensive research has focused on computa-
tional approaches to study the self-organization and self-
assembly of peptides, with molecular dynamics (MD) methods
being particularly powerful and frequently applied. Since self-
assembling peptides can form various nanostructures, the ways
to virtually screen and predict their behavior are of utmost
importance. The predictive tool for self-assembly of homochiral
dipeptides'** and tripeptides'*®> have been already explored,
and involve mostly the coarse-grained MARTINI force field
molecular simulations**®'*” The described protocol offers a
rapid determination of whether a given peptide sequence is
likely to aggregate, whereas longer and larger simulations can
be performed after initial screening to obtain more insights
into the mechanism of formation of those systems identified as
having a potential for self-assembly. The stable conformations
accessible to 7- to 10-residues macrocyclic peptides composed
of 1- and p-amino acids were characterized through near-
exhaustive backbone sampling, followed by sequence optimiza-
tion and energy landscape analysis, yielding over 200 design
predictions.*® The computational design of peptides and
peptide macrocycles, including those of mixed chirality, has
also been achieved by the Rosetta design software.*

One of the novel approaches for conducting MD simulation
of various molecular nanostructures, is the so-called molecular
dynamics (MD) manipulator, which allows efficient assembly
of simulated molecular structures, taking into account the
chirality of molecular components, using external force
actions.”®'*' The replica exchange molecular dynamics
(REMD) technique has also been utilized to determine the
morphologies and diversity of self-assembled peptides,
including the heteropeptides.'**'?

In the last few years, novel methods based on artificial
intelligence (AI) and deep learning are gaining increased atten-
tion for various peptide-related predictions,"***® and they are
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expected to be a very helpful tool for studies of the heterochiral
assemblies.

3.4. Rheology

Rheology is the study of deformation and flow behavior. Self-
assembly of peptides often leads to the production of new soft
matter, most often in the form of gels. Such materials can be
characterized from various angles through rheological tests,
describing and comparing their strength, viscosity, deformation,
thixotropy, and others. Peptide-based materials are characterized
by viscoelastic properties, which are measured in oscillation tests,
where one of the most important parameters is the storage
modulus G’ that represents the elastic portion of the viscoelasticity,
thus represents the solid-state behavior of the sample, and the loss
modulus G’ that characterizes the viscous part, often seen as the
liquid-state behavior. The two properties, monitored against time,
frequency, and strain, give insight into gelation kinetics that,
together with the general stiffness, directly impact the final appli-
cation of the material.'> Rheology offers valuable insights into
injectability or thixotropy—a material’s ability to shear thin under
high shear strain, followed by the recovery to a solid-like material
upon removal of high shear.’® Investigating the kinetics of gel
recovery and the underlying restoration mechanisms is an inter-
esting aspect in rheological investigations and is especially crucial
for the development of peptide-based injectable therapies.">’

In peptide-based gel research, the chirality of amino acids
plays a pivotal role in determining the material’s mechanical
properties. Different gel types may be created with altered
stiffness, distinct response to changes in concentration, alter-
nated gelation dynamics, and in some cases, a single change in
chirality may completely prevent gelation. Therefore, under-
standing the relationship between peptide hydrogel structure
and bulk mechanical properties is one of the central challenges
in this field. Thus, to tackle this, rheological studies - essential
for characterizing gel behavior — should always be supplemented
by structural studies using microscopy and spectroscopy. For
example, techniques that integrate rheology with microscopy or
scattering have been employed to explore the behavior of shear-
thinning gels during and after shear flow."””” As research
advances, there is a growing focus on understanding the interplay
between mechanical and morphological properties, especially in
the context of chirality-related studies. Specifically, rheological
measurements are used in combination with other techniques to
draw conclusions about the atomic-level changes in chirality and
their influence on the final properties on a macroscopic level.
A multidisciplinary strategy combining rheological, structural,
computational, and biological methods is essential to uncover
the full impact of chirality on peptide-based gels.

4. Self-assembly of homo- and
heterochiral peptides
4.1. Molecular crystals of peptides

The crystal structure of a material is one of the highest forms of
organization of condensed matter with a well-defined nature of
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nonbonding interactions. In many cases, the structural infor-
mation obtained from X-ray studies of single crystals for amino
acids and small peptides is taken as reference data that can be
extrapolated to the interpretation of higher-order peptide
assemblies. Solid state structural studies of amino acid chirality
began at the end of the 19th century when O. Wallach tried to
answer the question of why pr-alanine crystals are denser than
t-alanine crystals. Systematic studies of chiral crystals have led
to the conclusion that heterochiral molecules pack together
more efficiently than homochiral molecules."® This statement,
known in the literature as Wallach’s rule, has been critically
evaluated several times.'®® An attempt to explain the correla-
tion between crystal packing and the stability of chiral and
racemic proteogenic amino acids on the basis of experimental
results and theoretical calculations was made by J. D. Dunitz
and A. Gavezzotti."®!

It is well known that crystals are organized according to
specific rules with a hierarchy of intermolecular interactions.">
The list of these interactions includes: electrostatic interactions
between charged moieties, hydrogen bond interactions, van der
Waals interactions, and n-n arrangement. These interactions
play different roles in the hierarchical process of self-
organization, moving at various scales, from elementary mole-
cules to higher-order structures (see Fig. 7). The presence of
stereogenic peptide centers can significantly interfere with the
nature of these interactions. Below are some examples showing
the importance of cumulative effects (non-covalent interac-
tions, chirality) responsible for peptide self-assembly.

The most spectacular observations on the effect of chirality
on the morphology of peptide crystals are related to structural
studies of the phenylalanine-phenylalanine (Phe-Phe) dipep-
tide. Self-assembling of Phe-Phe first discovered and described
by Gorbitz et al.,'®® was intensively studied by Gazit'****® and
many other research groups over the years.'®”"”! This model
has become a reference sample and a “workhorse” used to
understand the fundamental processes that define the final
form of matter. Fig. 8 shows the molecular packing for the
dipeptides 1-Phe-1.Phe and b-Phe-p-Phe constructed from
experimental data of their crystallographic structures obtained
by X-ray methods and deposited in the crystallographic data-
base of the Cambridge Crystallographic Data Center (CCDC).

Length scale

1A 1nm 10 nm 100 nm 1pum 10 um 100 pm 1mm

Covalent
bond
l—>

Hydrogen
bond

n-n interactions
—

Van der Waals

Interactions
Surface tension
foces/dewetting

Electrostatic forces

Fig. 7 Comparison of the range of intermolecular interactions involved in
the process of peptides self-assembly. Each type of interaction contributes
differently to the hierarchical assembly across various scales, from basic
molecular units to higher-order structures.
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Fig. 8 (A) Molecular packing of L-Phe-L.-Phe (CCDC 163340) and
(B) p-Phe-p-Phe (CCDC 1853771) crystals.

Table 3 Lattice cell parameters for L-Phe-L-Phe and p-Phe-p-Phe PNT
(from ref. 140,163,172 according to CCDCY4)

L-Phe-L-Phe d-Phe-d-Phe
Space group P64 P65
a, A 24.0709(13) 23.9468(14)
b, A 24.0709(13) 23.9468(14)
¢, A 5.4560(4) 5.4411(2)
v, A’ 2737.7(3) 2702.2(2)

(These data correspond to No. CCDC 163340 for r-Phe-1-Phe
and No. CCDC 1853771 for p-Phe-p-Phe)."”>'”* In both cases
the crystal structures contain six Phe molecules, and it is
formed by a total of 258 atoms, while the space groups of these
enantiomers are different: P6, space group for .-Phe-L-Phe and
P65 for p-Phe-p-Phe. The basic structural information are col-
lected in Table 3.

It is worth noting that both crystals are organized according
to the hierarchical rules described above. The zwitterionic
nature of the dipeptide is correlated with long-range electro-
static interactions. Aromatic-aromatic interactions force a
synclinal arrangement of the main skeleton, which opens up
the possibility of creating a higher-order structure by means of
hydrogen bonds. External stimuli and environmental factors
can significantly affect molecular packing and disrupt
the hierarchy of non-covalent interactions. Fig. 9 shows the
molecular packing of i-Phe-r-Phe dipeptide crystalized in
methanol."”” The differences between hydrate and methanol
solvate are apparent. The latter system crystallizes in

Fig. 9 The molecular packing of L-Phe-L-Phe dipeptide crystalized in
methanol (CCDC 994055).
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orthorhombic space group P2,2,2, with Z’ equal 1 and Z = 4.
The cell volume is 1937.25 A®, much less compared to the
hydrate. The size of the unit cell is a = 4.866 A, b = 17.275 A,
¢ = 23.046 A. The most important difference is the conforma-
tion of the dipeptide. In the case of methanol solvate, the main
skeleton of the dipeptide is present in the form of a stretched
chain with phenyl groups on opposite sides. In the crystalline
unit, only intermolecular, weak aromatic-aromatic interactions
are observed. Such a “stretched” conformation defines further
possibilities for self-assembly and virtually eliminates the for-
mation of nanotube peptides.

The intriguing example of a correlation between nonbond-
ing interactions and chirality are crystals of racemic mixture
p-Phe-p-Phe and 1-Phe-t-Phe. The unit cell contains eight mole-
cules (Z = 8) organized in homochiral pairs (see Fig. 10). Crystal
crystallizes in the P2, space group. The size of the unit cell is
a = 8.9648(15) A, b = 30.515(5) A, ¢ = 11.9680(19) A, volume is
3273.86 A%, The subtle structure of this crystal is controlled
by electrostatic interaction, hydrogen bonding, and chirality.
These effects have an impact on further self-assembly. The
specific character of hydrogen bonding interactions is the
reason why the creation of nanowires rather than nanotubes
is preferred.

Expanding research on Phe-Phe analogs, the group of
Marchesan studied the supramolecular packing modes of
heterochiral, aliphatic dipeptides r-Leu-p-Xaa (Xaa = Ala, Val,
Ile, Leu)."”” The XRD analyses were performed using synchro-
tron radiation. r-Leu-p-Ala (CCDC: 2300851) crystallizes as a
hydrate with water molecules localized in layers parallel to the
ab plane, while the previously reported homochiral analog
(i-Leu-1-Ala) forms water channels."’® The second dipeptide -
t-Leu-p-Val (CCDC: 2300852) also crystallizes as a hydrate with a
simple solid-state assembly, characterized by the presence of
amphipathic layers and water molecules occupying non-
interconnected cavities. Interestingly, a homochiral i-Leu-t-
Val reported by Gorbitz,"”® showed a peculiar crystal packing,
being the first linear peptide with Z = 24. The next two
dipeptides 1-Leu-o-Leu and i-Leu-p-Ile (CCDC: 2300853 and
2300854, respectively), both crystallize as DMSO solvate crystal
structures with the guest molecules which occupy channels
parallel to the a axis, whereas analyzed earlier r-Leu-L-Leu
involves head-to-tail interaction of peptide molecules and
segregation of polar and nonpolar regions.'®® All the basic

Fig. 10 Molecular packing of racemic mixture p-Phe-b-Phe and L-Phe-
L-Phe (CDCC 205941). Reproduced and adapted from ref. 176 with
permission from John Wiley and Sons, copyright 2021.

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d5cp01562f

Published on 14 Hagayya 2025. Downloaded on 09/06/2026 6:11:59 PM.

Tutorial Review

View Article Online

PCCP

Table 4 Lattice cell parameters for dipeptides: L-Leu-p-Ala (La) dihydrate (CCDC 2300851), L-Leu-L-Ala (LA) tetrahydrate (CCDC 128697), L-Leu-b-Val
(Lv) hydrate (CCDC 2300852), L-Leu-L-Val (LV) hydrate (CCDC 1215952), L-Leu-b-Leu (L) dimethyl sulfoxide solvate (CCDC 2300853), L-Leu-L-Leu (LL)
dimethyl sulfoxide solvate (CCDC 1305438), L-Leu-p-Ile (Li) dimethyl sulfoxide solvate (CCDC 2300854)

La LA Lv LV Ll LL Li
Space group C2 (5) P2,2,2, (19) C2 (5) P6, (171) P2, P2, P2,
a, A 16.704(3) 6.186(2) 19.250(4) 29.212(16) 5.362(11) 5.434(4) 5.583(11)
b, A 4.766(10) 12.548(4) 6.476(13) 6.4760(13) 14.938(3) 15.712(7) 14.434(3)
¢ A 16.102(3) 19.883(6) 13.049(3) 11.723(9) 11.345(2) 11.275(2) 22.161(4)
o 90° 90° 90° 90° 90° 90° 90°
B 99.05(3)° 90° 103.72(3)° 90° 91.61(3)° 100.41(1)° 92.76(3)°
y 90° 90° 90° 119.99° 90° 90° 90°

structural information for the abovementioned peptides is sum-
marized in Table 4.

To further broaden the scope of research, Mandal and
colleagues published a comprehensive X-ray diffraction study
of single-crystal X-ray (SC-XRD) heterochiral Boc-Val-Phe-Phe-
OMe tripeptides.'®" In contrast to the previously discussed
examples, tripeptide models are protected at both the C and
N ends, which means that they are not zwitterionic systems.
It has a significant impact on the organization of the crystal
lattice because it eliminates electrostatic interactions as a
controlling factor for self-assembly.

Table 5 shows the basic structural information and lattice
cell parameters for Boc-Val-Phe-Phe-OMe crystals. Boc-1-Val-
p-Phe-p-Phe-OMe crystallized in the monoclinic (P2,) space
group and exhibited one molecule in the asymmetric unit.
Each subunit was interconnected through an intermole-
cular H-bond to adopt a parallel beta-sheet structure along
the c-axis in the crystalline state. The NH group and oxygen of
1-vVal of one subunit were intermolecularly H-bonded to the
next subunit of the oxygen of urethane and NH of central
p-Phe, respectively. Both peptide Boc-L-Val-p-Phe-L-Phe-OMe

and Boc-p-Val-L-Phe-p-Phe-OMe crystallized in the triclinic (P1)
space group and showed one molecule in the asymmetric unit.
Each molecule of both Boc-.-Val-D-Phe-.-Phe-OMe and Boc-p-
Val-.-Phe-p-Phe-OMe was interlinked through three intermole-
cular H-bonds to create a parallel beta-sheet structure along
b-direction. Peptides Boc-L-Val-.-Phe-p-Phe-OMe and Boc-p-Val-
p-Phe-1-Phe-OMe crystallized in orthorhombic (P2,2,2,) space
group and exhibited one molecule) in the asymmetric unit.
Each molecule of both Boc-1-Val-L.-Phe-p-Phe-OMe and Boc-p-
Val-p-Phe-1-Phe-OMe was intermolecularly interconnected
through three H-bonds to form a parallel beta-sheet structure
along c-direction. The oxygen of urethane, NH, and oxygen of
central Phe of one molecule was intermolecularly H-bonded to
the next molecule of the NH and oxygen of Val and the NH of
C-terminal Phe, respectively in both Boc-L-Val-L-Phe-p-Phe-
OMe and Boc-p-Val-p-Phe-1-Phe-OMe. Next, molecules were self-
associated to build a helical sheet-like structure in higher-order
packing along a-axis in both enantiomeric peptides Boc-L-Val-L-
Phe-p-Phe-OMe and Boc-p-Val-p-Phe-1-Phe-OMe. Fig. 11 shows
the molecular structure of models refined by means of X-ray
crystallography.

Table 5 Lattice cell parameters for heterochiral Val-Phe-Phe protected peptides: Boc-L-Val-p-Phe-b-Phe-OMe (Vff), Boc-L-Val-D-Phe-L-Phe-OMe
(VfF), Boc-p-Val-L-Phe-p-Phe-OMe (vFf), Boc-L-Val-L-Phe-p-Phe-OMe (VFf), Boc-b-Val-p-Phe-L-Phe-OMe (vfF)

Vif VIF vFf VFf, viF
Spa}ce group P24 P1 P1 P2,2.24 P2,2.24
a, A 5.0081(2) 4.9397(5) 4.9548(4) 5.0710(2) 5.0543(9)
b, A 26.9990(17) 10.8307(10) 10.8351(12) 15.1956(6) 15.267(3)
¢, A 11.0196(8) 13.6935(13) 13.6908(16) 37.6927(14) 39.355(7)
v, A® 1488.98 724.469 726.851 2904.48 3036.79
i :
j ' ! %-Val
1
Val ] )\
D-Phe / (R) (s) (R) D-Phe : L- Phe (S) ) (R) : (R) R)
(R) [
L-P e (s) P D- Phe -
[ / L-Phe H D-| Phe
‘ L'/‘\’a' ' b Val OFhe @  LPhe
. g VFf b g c
D-Phe VfF < s ph a b

a
b ‘E[b

Fig. 11 Crystal structures of different tripeptides: (A) Boc-L-Val-p-Phe-p-Phe-OMe (Vff), (B) Boc-L-Val-p-Phe-L-Phe-OMe (VfF) and Boc-p-Val-L-Phe-
p-Phe-OMe (vFf), (C) Boc-L-Val-L-Phe-p-Phe-OMe (VFf) and Boc-bp-Val-p-Phe-L-Phe-OMe (vfF). Reproduced and adapted from ref. 181 with permission

from John Wiley and Sons, copyright 2021.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27,18062-18092 | 18075


https://doi.org/10.1039/d5cp01562f

Published on 14 Hagayya 2025. Downloaded on 09/06/2026 6:11:59 PM.

PCCP

Z
o
2
°
o

fj;) §1134 vrﬁj
{zs \){ }F {}1‘
SR M
(}; \{‘} ${}-
' "{)4& I 24
{zw \(} ‘{ }IN
Sk rd v

e 190 ! Y
B) ) 5 & \ AR
. 1080 Y™ LI
S QA AT
VA A AN
G XA XA X
P AR A
7rIe A A
0002802800980
B0 02 000 G o Qe

¥
¥
¥
¥

ﬁiixff Wﬂﬁ

f\(\ T e N T TS

D S S S S

Fig. 12 Molecular packing of (A) Boc-L-Val-p-Phe-L-Phe-OMe (CCDC
2015774) and (B) Boc-L-Val-L-Phe-p-Phe-OMe (CCDC 2015776).

Fig. 12 shows how chirality inversion can dramatically
change the arrangement of molecules in the crystal lattice
for peptides with different stereochemistry. Fig. 12A displays
the molecular packing for Boc-i-Val-p-Phe-L.-Phe-OMe, while
Fig. 12B shows the molecular packing for Boc-i-Val-L-Phe-p-
Phe-OMe sample.

The same group has investigated r/L and /b amino acid-
containing dipeptides, Boc-i-Ile-.-Phe-OMe, Boc-1-Ile-p-Phe-
OMe, Boc-i-Ile-.-Phg-OMe (Phg = phenylglycine), and Boc-i-Ile-
p-Phg-OMe (Fig. 13A)."** Fig. 13B shows how stereochemistry
and chemical modification affect the solid-state peptide back-
bone arrangement. The presence of extra methylene (-CH,-)
group on the side-chain of C-terminal Phe of Boc-i-Ile-L-Phe-
OMe causes a significant deviation of molecular arrangements
from that of Boc-1-Ile-L.-Phg-OMe. While the molecules in Boc-1-
Ile-L.-Phe-OMe self-assemble to form a single helix-like archi-
tecture, the molecules in Boc-i-Ile-1-Phg-OMe self-associate
around a water molecule to form a cylinder-like structure in
the crystalline state. Alternatively, the observed supramolecular

B)
] H o 4 ’
>J\0)LN g
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arrangements of Boc-p-Val-i-Ile-OMe and Boc-i-Ile-p-Val-OMe
are similar, but deviate from that of Boc-L-Val-L-Ile-OMe and
Boc-1-Ile-L-Val-OMe, due to chirality difference.'®?

Other interesting cases might be found in studies focused
on cyclic dipeptides. Investigations have been conducted on the
cyclic compounds of Tyr-Ala and Tyr-p-Ala noted as cyclo(L-Tyr-
-Ala) and cyclo(1-Tyr-p-Ala), respectively, and structural differ-
ences between them have been noticed (see Fig. 14A-D).
In particular, slight differences were observed in the arrange-
ment of water molecules in the hydrophilic channels and the
geometry of the diketopiperazine rings."®* Very recently, struc-
tural data for cyclo(i-Tyr-L-Tyr) and cyclo(r-Tyr-p-Tyr) were pub-
lished. While the cyclo(t-Tyr-L-Tyr) exists in few solid forms that
display a network of parallel hydrogen-bonded stripes, promoting
a unilateral growth, its p-Tyr containing analog shows a propensity
towards a two-dimensional growth (see Fig. 14E and F).'®

4.2. Higher order structures of self-assembling homo and
heterochiral peptides

Self-assembly of peptides refers to the spontaneous organiza-
tion of peptide molecules into ordered nanostructures or
supramolecular architectures driven by non-covalent interac-
tions shortly discussed in Section 4.1. This process results in
the formation of well-defined structures with specific functions
and properties. The spatial distribution of the residues around
the stereogenic center determines the morphology of the final
product. Thus, we can conclude that the chiral structural
synthon (CSS), which is the smallest basic building block, is
responsible for the formation of complex higher-order struc-
tures in the process of proliferation (self-organization). This
hypothesis can be verified taking as an example molecular
structure in the crystal lattice of Phe-Phe dipeptide (see Section
4.1). For 1-Phe-1-Phe and p-Phe-p-Phe, where the arrangement of
phenyl groups is synclinal, then CSS creates the possibility of
formation of peptide nanotubes because the hydrophobic and
hydrophilic parts are located in different spaces (Fig. 15).
When such an arrangement is not possible because the
solvent forces a different spatial arrangement (e.g. .-Phe-.-Phe
crystallized from methanol) and the arrangement of phenyl

—

Backbone Boc-L-lle-D-Phe-OMe Backbone

Boc-L-lle-D-Phg-OMe

Fig. 13 The X-ray crystal structures of N- and C-protected L/L and p/L dipeptides containing such amino acids as Boc-L-Val-L-lle-OMe, Boc-p-Val-L-lle-
OMe, Boc-L-lle-L-Val-OMe, and Boc-L-lle-p-Val-OMe. Reproduced and adapted from ref. 183 with permission from Elsevier, copyright 2020.
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Fig. 14 Molecular and crystal structures for cyclo(L-Tyr-L-Ala) (panels (A) and (B)) and cyclo(L-Tyr-p-Ala) (panels (C) and (D)); (E) hydrogen bonding
network present in the crystal structure of cyclo(L-Tyr-L-Tyr) cY(D)Y; (F) hydrogen bonds network observed in the crystal structure of cyclo(L-Tyr-L-Tyr)
methanol solvate. Reproduced and adapted from ref. 184 with permission from American Chemical Society, copyright 2015, and from ref. 185 with

permission from John Wiley and Sons, copyright 2022.

Fig. 15 (A) Supramolecular structure formed by multiplication of chiral
structural synthon (CSS) of L-Phe-L-Phe or p-Phe-p-Phe; (B) SEM picture
of peptide nanotube (PNT) formed by L-Phe-L-Phe or p-Phe-b-Phe.
Reproduced and adapted from ref. 186 with permission from American
Chemical Society, copyright 2012.

groups is anti-planar, then there is no chance to form nano-
tubes. In this case, the peptide nanowires might be formed (see
Fig. 16A and B). The influence of solvent type on morphology,
assembly kinetics, and orientation of Phe-Phe peptides has
been explored both experimentally and computationally, reveal-
ing that its lower solvophobicity in methanol results in much
weaker self-assembly.”>*%”

The chemically modified di- and tri-peptides offer a great
variety of self-assembling structures and thus have been largely
studied in recent years, especially for biomedical and material
applications.'®'¢”'8% Recently, it has been discovered that

This journal is © the Owner Societies 2025

halogenation affects supramolecular organization, in particu-
lar, fluorination leads to the preservation of dipeptide packing
in the water channels, while iodination completely changes the
packing from the water channels to the amphipathic layers of
the stacked peptides.’®® Marchesan and coworkers for the
analysis of the self-organization of heterochiral and haloge-
nated dipeptides have employed modifications of fluorine or
iodide substituted Phe-Phe. In particular, fluorination main-
tained the arrangement of dipeptides within aqueous channels,
similar to what is observed with non-halogenated dipeptides.
This modification provided an intermediate level of intra-
versus inter-molecular hydrophobic interactions, leading to a
moderate level of fibril bundling (Fig. 17)."*® SC-XRD structures
revealed that despite the different stereo-configurations of
homochiral and heterochiral diphenylalanine, they displayed
a similar supramolecular packing, although the N-terminal
amino acid dictated the screw-sense handedness from N- to
C-terminus to be left-handed for r-Phe-1-Phe and right-handed
for p-Phe-L-Phe (see Fig. 18). Moreover, the heterochiral peptide
displayed an increased intramolecular hydrophobic contact
area between Phe side chains.

Of the twenty amino acids known, proline is a very special
case due to its unique structure. Unlike most amino acids,
proline contains a cyclic side chain in which the nitrogen atom
is part of a five-membered ring. The change in conformation
and/or puckering of the five-membered ring may be another
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Fig. 16 Supramolecular structure formed by multiplication of chiral
structural synthon (A) L-Phe-L-Phe crystallized from methanol; (B) racemic
mixture of b-Phe-b-Phe and L-Phe-L-Phe.

factor (in addition to chirality) that can have a strong effect
on the self-assembly of short peptides. To explain the role of
proline in the formation of functional nanostructures, Garcia
et al. studied p- and r-amino acids in the Pro-Phe-Phe sequence
(see Fig. 19) to resolve the conflict between the contradictory
assembly directing effects of Pro as f-breaker and Phe-Phe as a
B-sheet-associated motif."°

Based on the obtained results, the authors concluded that
the stereo-configuration determines the ability of each of the
eight possible Pro-Phe-Phe stereoisomers to self-associate into
diverse nanostructures, including nanoparticles, nanotapes,
or fibrils, which yielded hydrogels with gel-to-sol transition at
a physiologically relevant temperature.

Going further with understanding the role of proline chir-
ality in the self-assembly of peptides Chatterjee et al. have
studied the nature of the conformational preferences of four
distinct classes of model diproline peptides, by crystallographic

A)  D-(4F)PheL-Phe

" hierarchical \

assembly
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and NMR studies."** The analysis of pyrrolidine conformations
suggested a preferred proline puckering geometry favored only
in the case of heterochiral diproline segments. Moreover, a
detailed view of the possible conformational states of hetero-
chiral and homochiral Pro-Pro sequences was additionally
supported by the NMR studies in solution. Of the fourteen
systems studied, the crystal and molecular structures of the two
heterochiral tripeptides Piv-L-Pro-p-Pro-L-Ala-OMe and Piv-p-
Pro-1-Pro-p-Ala-OMe were also discussed. The first system crys-
tallizes in P2,2,2, (19) space group and Z’ = 1 (Fig. 20A) while
the second one in P2, (4) space group and two independent
molecules in the crystal lattice (Z’ = 2) (Fig. 20B and C).

The molecular structure of each molecule displayed in
Fig. 20 shows subtle differences in the conformation of the
proline ring. On the other hand, the p-Pro-Pro motif is known
to serve as an inducing element of p-torsion, while homochiral
Pro-Pro induces local helical folding."**'*® The localization of
p-Pro in the peptide sequence may also be an important factor
in determining supramolecular organization. Fig. 21 shows
the supramolecular structure for Piv-L-Pro-p-Pro-1-Ala-OMe
and Piv-p-Pro-L-Pro-p-Ala-OMe tripeptides. A strong tendency
to form fibers is evident in the second case.

It is interesting to note that even single aromatic amino
acids can self-assemble into amyloid-like fibers. Specifically,
phenylalanine (Phe) and tryptophan (Trp) were found to be
important in nanostructure formation in many different
studies.'**°” Recently, Bera et al. decided to explore the effect
of p-enantiomers of these amino acids on the self-assembly
pattern and the molecular arrangement of the resultant struc-
tural organization and demonstrated the critical role of chir-
ality in the process. The authors applied a wide range of
different experimental techniques to probe the self-assembly

B) D-(2-F)-Phe-L-Phe

thermoreversed
D-(2-F)-Phe-L-Phe
D-(3-F)-Phe-L-Phe
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Fig. 17 (A) Single-crystal XRD structure (CCDC 2016373) of p-(4-F)-Phe-L-Phe; (B) and (C) powder XRD on microcrystals grown on hydrogels of b-(2-
F)-Phe-L-Phe and p-(3-F)-Phe-L-Phe confirmed packing analogous to sample p-(4-F)-Phe-L-Phe. Reproduced and adapted from ref. 189 under the
terms of the Creative Commons CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

18078 | Phys. Chem. Chem. Phys., 2025, 27, 18062-18092

This journal is © the Owner Societies 2025


https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1039/d5cp01562f

Published on 14 Hagayya 2025. Downloaded on 09/06/2026 6:11:59 PM.

Tutorial Review

A e
) L-Phe-L-Phe Sooi D-Phe-L-Phe
\‘\Vf - v\g

’\L}Zf /

Fig. 18 Single-crystal XRD structures of homochiral L-Phe-L-Phe®

View Article Online

PCCP

hierarchical
assembly

(silver) and heterochiral b-Phe-L-Phe (cyan, CCDC 2016375) peptide nanotubes.®”

(A) Side-view of homochiral and heterochiral peptides revealed opposite screw-sense, dictated by the N-terminal amino acids. (B) Top-view of nanotube
inner cavities defined by the projection six peptide molecules arranged head-to-tail. (C) Top-view of the nanotubes identified by the projection of
18 peptide molecules showing hierarchical bundling stabilized by aromatic zippers for L-Phe-L-Phe (silver) and a smoother outer surface, with an outer
diameter matching well the fibril size in a case of b-Phe-L-Phe (cyan). Reproduced and adapted from ref. 189 under the terms of the Creative Commons

CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

mechanism and the involvement of various interactions in the
structure formation. The pr-composites of aromatic amino
acids have a high aggregation propensity and present a favor-
able knob-to-hole packing of aromatic rings, which induced the
easy growth of racemic crystals and the fabrication of self-
assembled rigid materials (see Fig. 22)."°® The potential of
p- and r-enantiomers of phenylalanine was later further
explored towards the development of functional metal-organic
materials.'**?°° Taking into account the association of some
self-assembling peptides with pathological conditions, such as
the amyloid-f in Alzheimer’s disease, there is a tremendous
interest in studying the short amyloidogenic sequences.

The influence of stereochemistry on self-organization in the
solid state of cyclic dipeptides (CDP) employing two diastereo-
meric samples; cyclo(t-Tyr-t-Ala) and cyclo(i-Tyr-p-Ala) as
models was investigated by Jeziorna et al.'®*'®® It has been
found that distinction in chirality of alanine residue causes a
significant difference in self-assembling and formation of
higher order structures. Sample cyclo(1-Tyr-1-Ala) forms peptide
nanotubes (PNT) and nanowires (PNW) (see Fig. 23A and B),
while for sample cyclo(L-Tyr-p-Ala) only formation of peptide
microtubes (PMT) was observed (see Fig. 23C and D). Crystal
and molecular structures for both samples were refined using
PXRD due to failure in attempts to grow crystals with quality
suitable for single crystal studies. Both compounds crystallize
in the P2, space group and monoclinic system. The size of the
unit cell is highly similar; however, small differences in align-
ment of water molecules in the hydrophilic channels and
geometry of diketopiperazine rings were observed. The water
molecules can be thermally removed from the lattice without

This journal is © the Owner Societies 2025

destroying the subtle crystal structures of nano- and microde-
vices. This reversible process observed for cyclo(-Tyr-p-Ala) is
a unique feature, rarely occurring for the linear dipeptide
devices.

Finally, it is worthy to stress that the self-organization of
heterochiral peptides can be controlled by chemical modifica-
tion of the protecting group. For example, peptides related to
the Ala-Ala building block have been investigated by Lin et al.>**
In their work, a special focus has been given to the position of
the substituent attached to the benzoyl residue at the
N-terminus, on the molecular packing, and the self-assembly
behavior. Specifically, three peptide isomers with an ortho-,
meta-, and para-dodecyloxy group on the benzoyl residue at the
N-terminus were designed and synthesized (see Fig. 24). It was
demonstrated that the ortho- substituent position presents a
strong steric hindrance and the occurrence of intramolecular
hydrogen bonding, resulting in different molecular packing
compared with the two other isomers.

5. Formation of gels

Many self-assembling peptides can create new functional soft
matter, such as hydrogels or organogels. Hydrogels are char-
acterized by a high amount of water inside the network, making
them biocompatible and biodegradable, thus making them
auspicious materials for biological and biomedical applica-
tions. On the other hand, organogels are created by the
entrapment of large amounts of organic solvents into the
peptide assemblies. Peptide-based gels are stimuli-responsive
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Fig. 19 (A) Pro-Phe-Phe Stereocisomers by Enantiomer Pairs (a/b) and Their Cartoon Keycode (Each Amino Acid is Represented as Either a Blue (L) or
Gold (p) Sphere); (B) TEM (left) and AFM (right) images: (a) 1a aggregates, 2a bundles of nanofibrils, (c) 3a nanoparticles, (d) 4a nanotapes. Reproduced and
adapted from ref. 190 under CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0).

A) B) C)

Fig. 20 Molecular structure of tripeptides: (A) Piv-L-Pro-p-Pro-L-Ala-
OMe; (B) and (C) Piv-p-Pro-L-Pro-p-Ala-OMe.

and sensitive to the type of solvent, presence of salts, pH,
temperature, or ultrasounds, thus, they can be easily affected
by environmental chemical and physical stimuli. Many other
internal factors, including chirality, influence the gelation
properties of peptides and might be used as a valuable tool
for driving self-assembly. Effects observed at molecular and
supramolecular levels, described in detail in the previous
chapters, are amplified through increasing size scale to macro-
scopic changes and finally affect the properties of peptide-
based materials.

18080 | Phys. Chem. Chem. Phys., 2025, 27,18062-18092

Fig. 21 Supramolecular structure formed by multiplication of chiral struc-
tural synthon (CSS): (A) Piv-L-Pro-p-Pro-L-Ala-OMe and (B) Piv-p-Pro-L-
Pro-p-Ala-OMe.

The influence of molecular packing and structural features
on the properties of peptide-based hydrogels has been exten-
sively studied, offering valuable insights into their design.
Chirality effects play a crucial role in the self-assembly and
macroscopic properties of peptide hydrogels. A great number of
insights into the effects of chirality on peptide-based soft
matter have been delivered in works published by Marchesan
and co-workers. Studies on dipeptides like Phe-Val and Val-Phe
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A) tape-like structure ' il

Fig. 22 Single-crystal structural analysis of (A)-(C) L-Trp and (D)—(F) oL-Trp. L-Trp: (A) molecular chain formation (pink) and tape-like arrangement
(blue); (B) supramolecular B-sheet structure; (C) twisted angle between two adjacent aromatic rings highlighted by a yellow circle in (B). oL.-Trp: (D) 3D
network arrangement through H-bonding interactions of molecular chains (pink); (E) supramolecular B-sheet structure; (F)’Knobs-in-holes” fitting of
adjacent aromatic rings highlighted by a yellow circle in (E). Reproduced and adapted from ref. 198 under CC BY 4.0 license (https://creativecommons.
org/licenses/by/4.0).
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Fig. 23 SEM images of cyclo(L-Tyr-L-Ala) (A) and cyclo(L-Tyr-p-Ala) (C); supramolecular array of cyclo(L-Tyr-L-Ala) (B) and cyclo(L-Tyr-p-Ala) (D).
Reproduced and adapted from ref. 184 with permission from American Chemical Society, copyright 2015.

demonstrated that heterochirality enables fibrillation and Likewise, the four stereoisomers of Leu-Phe dipeptides
gelation from otherwise non-gelling homochiral sequences revealed that heterochirality promotes hydrogelation, with all
(see Fig. 25).2%% heterochiral dipeptides forming stable gels and one specific
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Fig. 24 FE-SEM images of the three dipeptide self-assemblies. All samples were prepared in a CHzOH/H,O mixed solvent (6/4, v/v) at a concentration of
2.0 g L% ortho (A)—(E), meta (F) and (G) and para (H) and (). Reproduced and adapted from ref. 201 with permission from Royal Society of Chemistry,

copyright 2021.

configuration (p-Phe-i-Leu) leading to metastable hydrogel
converting into crystals.>** Investigations of tripeptides, such
as Val-Phe-Phe and Phe-Phe-val, highlighted the influence of
p- and r-amino acid positions on supramolecular order and
macroscopic properties. For instance, configurations like pL or
wop facilitated the formation of hydrophobic channels that
excluded water, resulting in durable hydrogels with high ther-
mal stability. Conversely, other configurations formed lower-
order assemblies, leading to weaker gels.”*

Steric hindrance is another important factor in hydrogel
formation and stability. For example, investigations into tripep-
tides such as p-Leu-i-Phe-1-Phe revealed that heterochirality
promotes hydrogelation in an aqueous solution following a
pH switch through extended 3D molecular structures. This
arrangement supports the formation of elongated fibers, high
fiber density, and large fiber bundles, resulting in immediate
macroscopic gelation. In addition, a phenylalanine zipper has
been identified as an important interaction motif between
interdigitated B-sheets of the p-Leu-r-Phe-r-Phe. In contrast,
the sterically hindered r-epimer did not gel, highlighting the
significance of steric considerations.”®> Similarly, studies
showed that peptides with B-branched amino acids (such as
valine or isoleucine) formed dense networks with higher

18082 | Phys. Chem. Chem. Phys., 2025, 27, 18062-18092

resistance to applied stress, while in contrast the linear side
chains negatively affected hydrogel durability and rheological
properties.>*®

Also, the high supramolecular order was shown to signifi-
cantly influence the mechanical and thermal properties of
peptide-based hydrogels. The presence of tightly packed
B-sheets and hydrophobic channels contributed to enhanced
gel durability. Notably, stereoisomers such as p-Val-.-Phe-L-Phe
and r-Val-p-Phe-p-Phe exhibited contrasting behaviors in water
exclusion and stability, which were directly linked to their
ability to form high-order supramolecular structures. Specifi-
cally, in the mentioned configuration the dry hydrophobic
channels are formed, resulting in the exclusion of water mole-
cules, giving rise to a higher supramolecular order.”®” In case of
some tri-peptides, the formation of a racemic mixture can lead
to novel or improved properties of the gel. It has been described
that the co-assembly of tripeptides: r-His-p-Phe-p-Phe and
p-His-t-Phe-1-Phe forms anisotropic nanostructures that form
gel with better viscoelastic properties and enhanced catalytic
activity.>°®

Finally, the influence of external stimuli, such as ultrasound,
was studied to optimize nanostructure alignment towards aniso-
tropic organo- and hydrogels consisting of oriented tripeptide
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Fig. 25 Photographs and optical microscopy images of (A) b-Phe-L-Val
and (B) b-Val-L-Phe in PBS at concentrations above their solubility. Scale
bar = 100 pm. Reproduced and adapted from ref. 202 with permission
from Royal Society of Chemistry, copyright 2022.

structures based on p-Phe-.-Phe-.-Asp and p-Phe-i-Phe-i-Ile. The
former peptide formed an anisotropic organogel in methanol,
while the latter formed an anisotropic hydrogel, showing
the relationship between the anisotropic arrangement of supra-
molecular interactions with peptide sequence and solvent
environment.”%

In addition to frequently studied linear peptides, the gelling
properties of their cyclic analogues are sporadically explored.
It was found that while cyclo(L-Tyr-L-Tyr) easily assembles
into hydrogels, conformation of cyclo(p-Tyr-L-Tyr) promotes
rather two-directional growth, resulting in a tendency towards
crystallization."®® Interestingly, heterochiral cyclodipeptides
cyclo(p-Leu-1-Phe) and cyclo(r-Leu-p-Phe) are able to form gels
in a soybean oil.**°

5.1. Heterochirality in biomedical approaches

In many cases, biological applications and biocompatibility of
the peptide-based materials are explored alongside structural
insights. Especially, since peptides containing p-amino acids
are considered a great tool in biomedical research due to their
resistance to enzymatic degradation. Since human proteases
exclusively recognize and cleave L-amino acids, replacing them
with their p-enantiomers makes peptides more resistant to
proteolysis, significantly increasing their biostability. Conse-
quently, the improved stability may translate into better in vivo
circulation half-lives, improving delivery yield and efficacy, and
potentially reducing dosing frequency.

Many naturally occurring antibiotics, such as dactinomycin,
bacitracin, gramicidin, and others, contain p-amino acid resi-
dues in their sequences. In many cases, the pattern formed by
the alternation of p- and r-amino acids is crucial for the
formation of the peptide’s proper structure, with gramicidin
helices being one of the most important examples.>* Thus, a
lot of scientific attention in organic chemistry has been given to
the total synthesis of peptide antibiotics, highlighting the role of
heterochirality in their structural and functional properties.**>
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Over the years, heterochiral peptides have been used not only
as antimicrobial agents.>**'* but also as potential cancer
therapeutics®*>?'® and vaccine candidates.?” The recent pro-
gress and challenges in the exploration of p-amino acids at the
interface of chemistry and life science have been nicely
reviewed elsewhere,*'®*!? as well as their role in antimicrobial
resistance,”*>**' and in numerous physiological processes in
the human body.?**?>* Therefore, in this chapter, we would
like to briefly introduce some recent examples focusing speci-
fically on the biomedical applications of hydrogels based on
heterochiral peptides.

Most of the gelling peptides, regardless of chirality, demon-
strated excellent performance in cell culture experiments, with
no significant differences observed between enantiomers in
supporting cell viability and proliferation. For example, both
p-Val-i-Phe-1-Phe and 1-Val-b-Phe-p-Phe gelling peptides per-
formed well in cell culture experiments, with no cytotoxicity
observed.””” Such results support the potential future develop-
ment of cost-effective biomaterial gels from heterochiral assem-
bling peptides. One of the envisioned biomedical applications
of peptide hydrogels is their possible role as cell scaffolds.
Unfortunately, the native amino acids can be easily decom-
posed by proteolytic enzymes, making them mostly unsuitable
for this application. Thus, sequences containing p-amino acids
might offer a reasonable alternative. For instance, a hydrogel
formed by a p-P1 peptide (Ac-Phe-Phe-Phe-Gly-Lys) has gela-
tion properties like its 1-form,>** but is resistant to a protease,
stable in a cell-culture medium, and can serve as a scaffold
for cell cultures.”*® Few relevant studies on other peptide
sequences explored further different aspects of chirality influ-
ence the hydrogel properties and degradation, as well as its
impact in biological context, especially towards novel
immunotherapies.>””*° Co-assembly and stereocomplexation
are promising strategies for improved rigidity and generation of
hybrid biomaterials, applicable, for example, in regenerative
medicine.******> They can dramatically affect hydrogel stiffness
and degradation, allowing control over novel shapes, network
morphologies, and material properties, and offer proteolytic
stability for the material’s lifetime control.

Much less is known about the gelation process in longer
peptides, and especially how it is affected by the changes in
chirality. One interesting recent example describes a systematic
p-scan of natural hexapeptide Phe-Ile-Asn-Tyr-Val-Lys that was
performed, including the biophysical characterization of the
obtained hydrogels and their biocompatibility. Despite the
differences in the conformational intermediates during aggre-
gation, all sequences resulted in hydrogels compatible with a
cellular environment.>*?

6. Self-assembly and gel formation
with chemically modified heterochiral
peptides

In recent years, many groups have focused their research not
only on the native peptide sequences but also on modified
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peptides and peptide-based conjugates, expanding the scope of
native peptide studies to explore new ways of influencing self-
assembly processes. This concept is based on the idea that the
gelling properties of peptides can be affected by both chirality
and the presence of chemical modifications. Even the mere
presence of molecular chirality in a peptide sequence has a
crucial impact on its supramolecular assembly and gelation, as
has been shown for 1,8-naphthalimide (NMI)-conjugated
hybrid dipeptides. While chiral NMI derivatives (NMI-PAla-L-
Vval-OMe and NMI-BAla-p-Val-OMe) formed self-supported gels,
the achiral NMI derivative (NMI-BAla-Aib-OMe) failed to form
any kind of gel.”** In many examples, peptide gelators were
believed to require a single enantiomer for gelation, however,
some recent studies demonstrate that heterochiral sequences
can yield gels with unique properties. McAulay et al. explored
the dipeptide 2Nap-Phe-Phe containing naphthyl (Nap) group,
which is a popular building block for assisting peptide self-
assembly, developing immune adjuvants, and adding specific
electrical properties. In their investigations, all enantiomers,
diastereomers, and even racemates of this dipeptide could form
gels at high pH.>*® These findings were further supported by a
cryo-EM near-atomic resolution approach. The pH-dependent
gelation mechanism has been explained by the tubes’ carbonyl
group protonation that allows them to come together and form
a gel.>*°

The possibility of gelation in racemic mixtures was also
explored in the case of modified cyclic dipeptides - specifically
fluorenyl (OFm) mono-substituted cyclo(t-Glu-L-Glu). Their
racemate enables gelation in a large variety of organic solvents
and water and displays a tunable thixotropic behavior.?*” This
ability of peptide racemates to gel broadens the design possi-
bilities for novel gel-based materials.

A)

N\)LN N\/U\ OH
Y

Nap-L-Gly-D-Phe-L-Phe-L-Tyr (5)

Y
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The effects of subtle changes in chirality can significantly
influence biofunctionality and mechanical properties, for
instance as described for Nap-containing peptides. Specifically,
Nap-1-Gly-1-Phe-1-Phe-1-Tyr, have been used to create vaccine
adjuvant hydrogels.>*® Its heterochiral variant, Nap-1-Gly-L-Phe-
t-Phe-p-Tyr, showed improved mechanical properties and resis-
tance to external forces, due to their dense nanofiber network
(see Fig. 26).2*

Ferrocene (Fc)-based peptide conjugates offer another exam-
ple of modified systems with tunable self-assembly and gela-
tion behaviors, especially due to the interesting structural
properties of the Fc group. Studies on monosubstituted Fc
conjugates (FcCO-Phe-Phe-Ala-OMe) demonstrated the dra-
matic effects of diastereomeric interactions on gelation, with
enantiomers showing no significant impact.*** A ferrocene-
diphenylalanine (Fc-Phe-Phe) peptide derivative forms stable
chiral nanostructures in a narrow pH range (5.7-5.9) (Fig. 27).
Compared to the uniformly chiral Fc-i-Phe-1-Phe, a racemic
mixture of the L and p enantiomers resulted in formation of
weaker and less stable gels, demonstrating the crucial role of
molecular chirality.>*°

The impact of chirality on modulation of photoresponsive
behaviors was analyzed in a case of azobenzene-modified
dipeptides. Chiral gelators have been built on ri-dipeptides
or pp-dipeptides with an azobenzene group functioning as
a bridge between the peptide units. These gelators, built on
- or pp-dipeptides demonstrated distinct gel-sol transition
speeds during the trans-to-cis (E/Z) isomerization of the azo-
benzene group.””' The self-assembly of azobenzene-linked
chiral dipeptide gelators can also be modulated by circularly
polarized light (CPL). In such case right-handed CPL causes
the gel to collapse, whereas left-handed CPL promotes new
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Fig. 26 The chemical structures and optical images of (A) Nap-L-Gly-p-Phe-L-Phe-L-Tyr (5) (B) Nap-L-Gly-L-Phe-p-Phe-L-Tyr (6), and (C) Nap-L-Gly-L-
Phe-L-Phe-p-Tyr (7) hydrogels and their mechanical properties (D). Reproduced and adapted from ref. 238 under the terms of the Creative Commons

CC BY-NC 3.0 license.
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Fig. 27 Schematic illustration for the ultra-pH-sensitive of Fc-L-Phe-L-Phe hydrogel (A) and photographic images showing the self-assembly behavior of
2 mg mL~ Fc-L-Phe-L-Phe in 10% 2-propanol/90% H,O at phosphate buffer (0.1 M) with different pH values (B). Reproduced and adapted from ref. 240

with permission from Elsevier, copyright 2020.

OCH,

Fig. 28 (A) Illustration of different supramolecular self-assembly modu-
lated by CPL handedness, right-CPL promotes the collapse of ordered
structure, but left-CPL triggers the formation of new helical structure;
(B) chemical structure of 4,4’-azobenzene-linked dipeptide gelator,
abbreviated to Azo-DF. Reproduced and adapted from ref. 242 under
the terms of the Creative Commons CC BY-NC 3.0 license.

self-assembly, maintaining the macroscopic gel structure
(see Fig. 28).>*

Chirality has also been explored in metal-peptide assem-
blies, where it influences both structure and function. These
effect have been understood more deeply in studies focused on
single amino acid residues®***** but still quite little is known
about the effect of chirality on the architectures and properties
of metal-peptide assemblies. Zhang et al. investigated Phe-Phe
dipeptides coordinated with Cu®' ions, forming a metallo-
enzyme mimic (see Fig. 29). Both the homochiral L-Phe-.-Phe-Cu
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Fig. 29 Schematic illustration of the chirality-dependent coordination
assembly process between Phe-Phe molecules and Cu?*, in which the
peptide heterochirality leads to enhanced properties of a laccase mimic.
Reproduced and adapted from ref. 245 with permission from American
Chemical Society, copyright 2022.

and their racemate (1/p) Phe-Phe-Cu assemblies demonstrated
laccase-like catalytic activity, but the heterochiral assemblies
exhibited significantly higher catalytic efficiency and reusability.
These results highlight the potential of chirality in tuning the
physicochemical properties of functional materials.**®

Peptide gels also serve as effective media for protein crystal-
lization, with their inherent chirality significantly influencing
the process. Conejero-Muriel et al. examined the influence
of the chirality of the gel fibers in protein crystallogenesis.
Two cysteine-based peptides — N,N’-di(benzoyl)-L-cysteine dia-
mide and its corresponding p-enantiomer have been employed
to grow protein crystals, and differences in crystal quality and
packing have been observed, suggesting a significant influence
of the chirality in this process.>*® Protein crystallization in gels
based on the Fmoc-dipeptides family resulted in formation
of high-quality protein crystals with enantiomeric hydrogels
influencing mostly the nucleation and growth of the same
protein.**’

Amino acid chirality was also employed in the formation of
chiral gelators for the self-assembly driven enantioselective
recognition. The development of chiral supramolecular gels
for enantioselective recognition through gel formation or col-
lapse has been nicely summarized in a review by Gambhir
et al.”*® Some most notable recent examples involving amino
acids, peptides, or their derivatives have been applied to
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enantioselective recognition of carboxylates,**° chiral recogni-
tion of mandelic acid and N-tosyl a-amino acids,**® or enantio-
selective gelation of tartaric acid enantiomers.>** Future
investigations are likely to explore more in-depth the effects
of chirality on chiral recognition in other peptide sequences,
towards their sensing applications.

7. Conclusion and future perspectives

In recent years, remarkable progress has been made in the field
of peptide self-assembly, including studies on the heterochiral
peptide systems that combine both r- and p-amino acids. These
advanced biomaterials offer unique structural and functional
properties that homochiral systems cannot achieve. In this
tutorial review, we show analytical tools that allow us to
distinguish stereoisomers, describe the problem of chirality
and its impact on the organization of higher-order structures,
and understand at the molecular level the mechanism of
self-assembly and the formation of different hetero-chiral
materials with tailored functions. Existing literature highlights
chirality as one of the vital factors that can easily and pro-
foundly influence the formation of various peptide morpho-
logies. We believe that one of the most important achievements
in the field will be the ability to successfully predict and dictate
the formation of heterochiral supramolecular structures.
Firstly, it may provide important insights for protein aggrega-
tion disorders and subsequently lead to the discovery of amy-
loid formation inhibitors and new therapeutic approaches.
Secondly, it will offer the possibility to create novel soft materials
with pre-designed properties for various applications in biomedi-
cine, catalysis, nanotechnology, etc. Finally, it will broaden our
basic understanding of self-organization significantly, improving
our knowledge about one of the fundamental bases for the
bottom-up creation of artificial life-like systems. Even though a
lot of progress has been made in recent years, it remains challen-
ging to draw a pattern allowing for a straightforward prediction of
the chirality switching influence on the self-assembly of a parti-
cular peptide. The current progress in machine learning (ML) and
deep learning (DL) approaches will inevitably result in a more
rationalized design of heterochiral peptide sequences with pre-
dictable properties.

The spectrum of future applications is vast, demanding, and
far from routine solutions. The structure of this review and the
choice of the presented material reflect our belief that over-
coming these challenges will require investigations combining
a wide range of novel experimental and computational methods,
often including hybrid techniques. A lot of progress is anticipated
especially in studies of peptide assembly dynamics, with the use
of the latest techniques, such as advanced microscopic imaging
via fluorescence lifetime imaging microscopy (FLIM), single-
molecule fluorescence lifetime correlation spectroscopy (FLCS),>*>
stochastic optical reconstruction microscopy (STORM),>>* and
others, that might be particularly interesting in studies of self-
assembly. Further improvements are also expected from state-of-
the-art spectroscopic methods, such as time-resolved synchrotron
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radiation circular dichroism (tr-SRCD),>** surface-enhanced
Raman spectroscopy (SERS),>>® new NMR approaches,”® and
many more. Undoubtedly, such a cutting-edge approach will
require interdisciplinary collaboration across chemistry, materials
science, biology, and engineering.

Finally, based on current research trends and technological
advancements, several exciting prospects are emerging for
biomedical functional materials formed by the self-assembly
of heterochiral peptides. Future bio-applications include work
to improve the mechanical properties of peptide gels through
topological control, as well as advanced antimicrobial and
therapeutic applications, personalized medicine, and targeted
drug delivery systems. Additionally, advances in the develop-
ment of biomimetic materials and tissue engineering are
anticipated. However, since the incorporation of p-amino acids
has significant biological importance, altering stability, solubi-
lity, cytotoxicity, assembly, and therapeutic effects, biological
studies must explore deeper cell interactions with peptides of
altered chirality, their bioavailability, and biodegradability.
Moreover, manufacturing heterochiral peptide compounds pre-
sents additional challenges, related to the complex synthesis,
scalability, high costs, and difficulties with purification and
analysis. The regulatory concerns and GMP considerations
must also be addressed to enable the successful production
of such materials for clinical use.

In summary, to realize the full potential of p-amino acid-
containing peptides as self-assembling materials, future
research must incorporate interdisciplinary strategies that
combine advanced characterization techniques with Al-driven
design. At the same time, deeper biological investigations will
be crucial for safe and effective biomedical applications,
towards clinical use. Based on the remarkable advancement
in recent years, we expect to observe even faster progress in the
field soon, with great promise in the use of engineered hetero-
chiral peptides as a versatile and functional platform for next-
generation therapies and technologies.
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