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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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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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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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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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achieving diastereomer resolution in under 3 minutes per sample. The derivatization process is automated through an autosampler with an integrated
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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.>

Phys. Chem. Chem. Phys., 2025, 27,18062-18092 | 18067
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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 