' ROYAL SOCIETY
OF CHEMISTRY
Chem Soc Rev -

REVIEW ARTICLE View Article Online

View Journal | View Issue

W) Cheok for updates Bioinspired helical systems with defined chirality
- assembled from discrete peptide and
sos % glycan amphiphiles

Vania |. B. Castro, {2°° Rui L. Reis, (2°° Ricardo A. Pires (2 **® and
Iva Pashkuleva () *2°

Molecular helices are ubiquitous in biological systems and play key roles in life functions such as recognition,
coding and transferring information, replication, catalytic activity, among others. They can have different
handedness and dimensions from molecular to macroscale but the exact mechanisms for their formation are
still elusive. In vivo, they are formed from homochiral building blocks (L-amino acids and p-carbohydrates) by
complex, orchestrated supramolecular aggregation processes. Thus, self-assembly of synthetic chiral
analogues of these blocks has been explored to understand the underlying principles of supramolecular
chirality, their importance in (supra)molecular biorecognition in the physiological environment, as well as to
develop novel functional biomaterials. In this review, we discuss the role of different factors in the formation
of supramolecular helices and the definition of handedness in model systems composed by peptides and
Received 12th May 2025 carbohydrates: the effect(s) of the chirality and sequence in the building blocks, (non)chiral additives,
DOI: 10.1039/d5cs00158g assembly conditions, i.e. co-solvent, pH, temperature are showcased. The possibility to tune these factors
towards assembly of helices with defined chirality is also discussed and supported by recent examples from
rsc.li/chem-soc-rev the literature. Finally, we explore the importance of these assemblies in different bioapplications.
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the chiral objects. In chemistry, the term was introduced by
Lord Kelvin in 1894 but the molecular chirality was demon-
strated earlier, in 1848, by Louis Pasteur who separated two
crystal forms of tartaric acid salts that when dissolved rotated
the plane of light at the same angle, but in opposite directions."
In 1874, Le Bel and van’t Hoff independently presented theories
that can explain the molecular basis of the optical properties
observed by Pasteur.” These theories are the basis of the
stereochemistry and postulate that chirality can be observed
only for molecules with an asymmetric centre, usually an sp®
carbon, whose substituents are all different (Fig. 1a).>*

Chiral pairs have identical atomic composition but different
spatial arrangement that results in different interaction with
polarised light, thus, they are defined as optical isomers or
enantiomers. There are several nomenclatures used to distin-
guish chiral molecules. IUPAC recommends the application of
the Cahn-Ingold-Prelog rules that determine the configuration
of the asymmetric centre as R (rectus/right) or S (sinister/left).

Conventional b/t nomenclature is commonly used for amino
acids and carbohydrates and is based on the rotation of polarised
light clockwise (dextrorotatory, D) and counter clockwise (laevor-
otatory, L) by these molecules. There is no relation between these
two nomenclatures: while most natural amino acids have
L-configuration they can be either R, for example cysteine, or S
for any other natural r-amino acid and this is because Cahn-
Ingold-Prelog rules give priority to -SH groups (priority order:
-SH, -OH, -NH,, -COOH, ~CHO, ~CH,OH, -C¢Hs, -D, -H).

The stereochemistry, and in particular chirality, is an
important mean for coding and transferring information in
living systems, where chiral molecules exist mostly as single
enantiomers.” The domination of r-amino acids and
p-carbohydrates in biosynthesis of informational polymers
(proteins, DNA, and RNA) is one of the fundamental questions
related with the origin of life that is yet to be answered.
Empirical evidences show that proteins built from r-amino
acids usually fold into right-handed o-helices and B-strands,
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Fig. 1 Chirality of the amino acids and its transfer at different levels. (a) The
amino acids have one chiral centre (red arrow) that makes possible two
isomers: L- and b-amino acids. Biological systems use mostly L-amino acids
to build their proteome. (b) In the polypeptide backbone the torsion angles
¢ and ¥ (designated in red) describe the rotation of the protein backbone
and define the secondary structure of proteins. Side chains can also have
different torsion angles x (in green). (c) The canonical proteins comprising L-
amino acids usually fold into right-handed a-helices and twisted B-strands
(red), while synthetic polypeptides comprising p-amino acids form left-
handed helices and B-strands (blue). (d) The helices can further interact by
supramolecular interactions often resulting in a polymorphism as shown for
AB42 fibrils (Reproduced with permissions from ref. 4).
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while synthetic peptides comprising non-canonical p-amino
acids form left-handed helices (Fig. 1b).®”® However, there are
many exceptions because these processes are quite complex in
life systems, where the environment is abundant in chiral
molecules and biosynthesis can favour out of equilibrium
pathways and products, e.g. protein misfolding. Additionally,
further supramolecular packing and stacking of the o-helices
and B-strands in coils and sheets often involve polymorphism
(Fig. 1c) due to the low energy barriers between different forms.
As a result, not all chiral building blocks assemble into chiral
structures and the same chiral components can generate
structures with different morphologies and handedness.

The complexity is even higher for carbohydrates because
each optical isomer (p- or L-) has 4 asymmetric centres in their
open-chain (aldose or ketose) forms (Fig. 2a, red arrows), thus
increasing the number of stereoisomers according to Le Bel-
van’t Hoff rule. Monosaccharides also exist in cyclic form, so-
called hemiacetal forms, in which an additional asymmetric
carbon is formed (Fig. 2b, red arrow) increasing the number of
possible stereoisomers (Fig. 2c). Additionally, the flexibility of
non-planar hemiacetal forms allows for several puckered con-
formations (Fig. 2d). Of note, all these stereoisomers have
different supramolecular interactome. For example, different
carbohydrate puckers influence the interactions of the nucleotides
in the nucleic acids and impact the structure and the function of

a OH OH . OH OH
o | ! B¢ o
NI OH | HO™ 6 503 NS
T bz A o
L-glucose OHl1 OH : FH OH D-glucose
b HO, ; OH OH
4 4
HOJ&%WEHO §;§;§20§ on = Ho o
4-oH | HO—% HO
HO ! OH OH
B-L-glucose B-D-glucose a-D-glucose OH

OH
Q Og o
—a R
o4 HO OH HO OH
HO HO 2 — 3
OH OH
OH

B-D-allose

s HO N
HOH,C— Z 0N\, Endofoce.
4 i Exo face

OH
C3'-endo (A-DNA)

B-D-galactose B-D-mannose

C2'-endo (B-DNA)

C3'-endo (x-DNA)

Fig. 2 Stereochemical wealth of carbohydrates. Biological systems use b-
monosaccharides to make their glycome: (a) the linear monosaccharides
have four asymmetric centres (red arrows). (b) Cyclic forms of the mono-
saccharides exist in equilibrium with their open-chain forms and have one
additional asymmetric carbon — so-called anomeric carbon (red arrows).
(c) Each monosaccharide has several epimers that differ by the stereo-
chemistry of one asymmetric centre (red arrows). (d) Monosaccharides
have different puckered forms, e.g. the showed puckers of 2-deoxyribose
(the position of the base in the nucleoside is denoted with B) influence the
helical conformation in DNA: A-DNA and B-DNA are right-handed helices,
x-DNA has no specific conformation and z-DNA has left-handed helical
conformation, in which C2'-endo and C3'-endo puckered forms are
alternated.
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DNA and RNA. Theoretically, such stereochemical wealth allows
the development of specific chiral signatures that diversify the
biological functions, however, the experimental development and
control of such specific structures are challenging.”™*

Like proteins, polysaccharides can adopt secondary struc-
tures - ribbon-like (e.g. cellulose, chitin) and helical conforma-
tions (e.g. amylose, agarose, carrageenans, $3-1,3 glucans, p-1,3
xylans, glycosaminoglycans) with different flexibility and ability
to organise in higher hierarchical structures.'>"® When com-
pared to proteins, the diversity of polysaccharides’ secondary
structures is higher due to monosaccharides puckering
(Fig. 2d) and flexibility of the glycosidic bond.>**

For example, polysaccharide helices have a pitch between
7 and 47 A (vs. 5.4 A for protein’s o-helices) and can be either
right- (B-1,3 glucans, B-1,3 xylans, carrageenans) or left-handed
(amylose, agarose, glycosaminoglycans).'® The high flexibility
and heavy involvement of H-bonding in stabilisation of the
polysaccharides secondary (or higher order) structures make
the studies in aqueous solutions very challenging.'®

Thus, the development of synthetic helical structures with
controlled handedness is of upmost interest for better under-
standing the chirality in biological environments and discovery
of biofunctional artificial systems. Various helical nanostruc-
tures, such as twisted nanofibres, helical ribbons, rolled-up
nanotubes, and superhelices (Fig. 3) have been developed using
different approaches and building blocks.">"” Herein, we focus
on supramolecular approaches involving peptides and carbo-
hydrates in aqueous environment, given their importance in
biological systems. In these approaches chiral transfer and/or
amplification is achieved via non-covalent interactions and
thus, it is dynamic and dependent on the environment - just
like in the life systems. We discuss different building blocks
and experimental conditions that favour the assembly of helical

Fig. 3 Examples of supramolecular helical structures discussed in this
review (the assembling molecules are presented as cylinders): (a) helical
tape in which the molecules are in chain-like order; (b) helical ribbons, in
which the molecules are in a sheet-like arrangement; (c) helices obtained
by association of micellar discs (the parameters used for description of the
helical structures are presented: z - axis of curvature, L - length, P - pitch,
w - width, r - radius of curvature, 0 - gradient angle); (d) helices obtained
by polymerisation of helical monomers; (e) coiled-coil superhelices.

Chem. Soc. Rev., 2025, 54, 8325-8344 | 8327
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structures. The bioapplications of the obtained assemblies are
also discussed.

2. Supramolecular polymerisation,
chirality, and helicity

Supramolecular chemistry and self-assembly processes are
ubiquitously used by living systems to develop functional
structures by autonomous organisation of molecular compo-
nents. In particular, unidirectional (1D) self-assembly results in
the formation of supramolecular polymers - analogues of
conventional covalent polymers, in which the self-assembling
molecules (monomers) are organised in long chains but held
together by supramolecular interactions.’® Examples are the
helical actin filaments and microtubules that are essential
components of cytoskeleton with crucial roles in cell shape,
locomotion and intracellular transport.

As any spontaneous process, the supramolecular poly-
merisation tends to reach minimum Gibbs free energy (AG,
eqn (1)) that defines the thermodynamic stability of the system.
The polymerisation is driven by the attractive forces between
the monomers that decrease the enthalpy contribution (AH) to
AG. Such disorder to order transition results in apparent
entropy (AS) decrease. To maintain negative AG, the entropic
loss must be compensated, and this balance is achieved by the
release of water molecules solvating the monomers, thus,
increasing the entropy of the water. Therefore, the hydration
dynamics and local water organisation are important elements
in the process.”"’

AG = AH — TAS 1)

In aqueous media, most supramolecular polymers are
formed by either isodesmic or cooperative mechanism.?° The
isodesmic mechanism refers to uniform association of mono-
mers to a growing supramolecular chain. Such step-growth
mechanism results in assembly of flexible supramolecular
chains and is described by a single association constant that
does not depend on the chain length. Less flexible supramole-
cular polymers are obtained by the alternative cooperative
mechanism that has two phases - an initial nucleation step
followed by fibre growth, each of which is described by differ-
ent association constants. Further details about these mechan-
isms can be found in several excellent reviews."®>%!

When the molecules that participate in the self-assembly
process are arranged non symmetrically, a supramolecular
chirality emerges.'® Supramolecular helices are examples of
chiral structures as they have non-superimposable symmetry
(Fig. 4). While the characteristics of the covalent helices depend
mainly on the relative order of the monomers in the backbone
(e.g. the amino acids in protein helices) and usually the
smallest possible loop is adopted and fixed, supramolecular
helices are looser and dynamic due to the involvement of
different repulsive and attractive physical forces between the
building blocks.
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Fig. 4 Schematic presentation of helical structures assembled via (a)
asymmetric H-type and (b) asymmetric J-type organisations. Each block
segment in the structures represents a self-assembling molecule (monomer).
Right-handed (P) assemblies are presented in blue and left-handed (M)
helices are shown in red. Reproduced with permission from ref. 22 Copyright
2021, Royal Society of Chemistry.
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There are different types of supramolecular organisation
and interactions that can lead to formation of coiled or twisted
structures but in all of them chiral molecules pack at a slight
angle with respect to their neighbours (Fig. 4). In H-type
supramolecular polymers, for example, the monomers are
aligned parallel and stack in a face-to-face mode (Fig. 4a). In
J-type helices, the monomers arrange in a head-to-tail fashion,
with the transition dipoles aligned to favour coupling in a
linear-like fashion (Fig. 4b).

It is expected that in aqueous solutions amphiphiles should
organise in a manner to shield the hydrophobic portion from
water and expose their hydrophilic groups. Flat (bi)layers and
spherical vesicles are the anticipated assemblies but experi-
mental data evidenced that many chiral amphiphiles form
helical tubes and twisted ribbons (Fig. 3). While these supra-
molecular structures are morphologically defined as 1D helices,
they are usually formed by rolling 2D (bi)layered membranes,
i.e. they are formed by different mechanisms. Several models
have been proposed to explain the formation of curved struc-
tures but the ones that fit better with the experimental results
are the models based on chiral elastic properties.”® The funda-
ment of these models is that the stacking at small angle favours
long-range twisting at the direction of the molecules organisa-
tion. A major shortcoming of most of the proposed models is
the assumption of continuous system instead of an ensemble of
discreate chiral units with specific shape. Boden et al. out-
stripped partially this drawback and proposed a model in
which a chiral B-sheet forming peptide is represented as chiral
rod-like monomer (Fig. 5a).>* According to this model, the
attraction between the monomers results in assembly of tapes
- a step that requires minimal energy for the conformational
adjustment of the peptides (&;qxs, Fig. 5a). The tapes are helical
due to the chirality of the monomers and have different faces
(represented in white and grey in Fig. 5b) that depend on the
peptide composition and can be designed to have different
affinity to water. The distinct hydrophobicity of both sides of

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Model of hierarchical self-assembly of (a) chiral peptides repre-
sented as rod monomers. (b)—(e) Different helical assemblies (upper row)
and the respective global equilibrium conformation (down row) for the
supramolecular helices formed in solutions of chiral molecules. (b) At low
concentration, the monomers interact via complementary donor and
acceptor groups (shown by arrows in (a)) and align to form tapes. At
higher concentration, the tapes further stack into (c) ribbons, (d) fibrils, and
(e) fibres. Adapted with permission from ref. 24 Copyright (2001) National
Academy of Sciences.

the tapes can give rise to further stacking towards ribbons and
then between ribbons to form assemblies with higher hierarch-
ical organisation (Fig. 5b-e). Such hierarchical stacking
requires adjustment of the helical twist to fit packing con-
strains. The energy needed for the adjustments is termed
elastic energy and must be compensated by the attraction
energies coming from the stacking between types, ribbons,
and fibrils. This balance determines the morphology of the
final assembly.

While neglected in most models, the amphiphile structure
and shape are important as they determine the stacking angle.
On the other hand, the bending of the assembled structure
depends also on the long length scale degree of freedom. It can
result in twisted (Fig. 3a) or helical ribbons (Fig. 3b and c).
These structures are different — while twisted ribbons have a
Gaussian-like curvatures, helical ribbons have a cylindrical
curvature (Fig. 3c). The difference is not straightforward and
experimental data showed that twisted ribbons can be trans-
formed into helical ribbons: Pashuck and Stupp showed that
peptide amphiphiles initially (seconds) form short twisted
ribbons that with the time (minutes) elongate and ultimately
(weeks) transform into helical ribbons.>® This transition sug-
gests that the twisted ribbons might be kinetic products (see
Section 4.2 for definition) resulting from inhomogeneous twist,
in which the periphery of the B-sheet is less bended, and
reorganisation towards optimal packing lead to the thermo-
dynamically stable helical ribbons.

Fuhrhop et al. put forward another mechanism for the
formation of helical ribbons from N-alkylaldonamides.?® They
proposed that helical ribbons can be formed upon a reorgani-
sation of micelles above their critical micelle concertation
(CMC), when occurs a conversion to micellar discs followed
by stacking of the discs (Fig. 3c). In this model, the bended

This journal is © The Royal Society of Chemistry 2025
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geometry of the molecule is essential for the helical formation
(further discussed in Section 4.1).

For helical structures, the terms P (plus) and M (minus) are
used to describe the handedness: the right-handed helices
(helix twists in a clockwise direction as it moves away from
the observer) are designated as P-helices, while the left-handed
helices (helix that twists in a counterclockwise direction) are
assigned as M-helices. Besides the handedness, supramolecu-
lar helices are described by other parameters (Fig. 3c) such as
their length, diameter/radius of curvature, and chiral pitches
that can vary from few nanometres to millimetres.

3. Induction of chirality

There is a consensus that the handedness of supramolecular
helices depends on the chirality of the building blocks but the
mechanisms of the asymmetry propagation through space and
length scales are elusive. A theoretical concept called “parity
violation energy difference” has been introduced to explain this
process. The theory describes a small energy difference (in the
order of 107" to 107" eV) between different enantiomers
caused by weak nuclear forces.””*®* While it can explain theore-
tically the emergence of homochirality and asymmetry propaga-
tion, it cannot be proven experimentally because of its extremely
low magnitude that is overpowered by other interactions as
thermal effects and quantum noise. Thus, self-assembly of
specifically designed short peptide and carbohydrate amphi-
philes have been instrumental in understanding the helical
development and chirality propagation from one level to
another.>"" As an example, self-replicating peptides have been
used to demonstrate how structural information is propagated
under prebiotic conditions, providing insight into molecular
evolution and the possible pathways for the origin of life.>*
In these studies, complementary methods are used for charac-
terisation of the assemblies: wide-angle X-ray scattering (WAXS)
and spectroscopy techniques such as circular dichroism (CD),
vibrational CD (VCD), and Raman optical activity (ROA) spectro-
scopy, give information about the molecular organisation and
chirality, while microscopy techniques such as atomic force
microscopy (AFM), high resolution scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) are
used for visualisation of the assembled helical structures (e.g.
nanoribbons, nanohelices) and elucidation of their handedness
and hierarchical organisation at nano-/microscopic level.>>*
Supramolecular chirality can emerge from non-covalent
interactions between chiral molecules, but also when achiral
molecules assemble in the presence of chiral components.*?
The process in which a small chiral bias is significantly
enhanced through covalent binding is called chiral amplification
and was introduced in the 1980s by Green who studied a series
of covalent polyisocyanates with stiff helical conformation.**?
The right- and left-handed helical conformations of these poly-
isocyanates are readily reversable due to the small energy barrier
and thus, the polymerisation of achiral isocyanates in the
presence of a small amount of a chiral component results in

Chem. Soc. Rev., 2025, 54, 8325-8344 | 8329
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Fig. 6 Schematic presentation of common ways used to induce ampli-
fication of asymmetry in (a) helical supramolecular systems: (b) achiral
molecules assemble in the presence of a chiral component; (c) enantio-
mers mixture with excess of one component; and (d) equimolar mixtures
of enantiomers (racemates).

optically active copolymers.*® This process has been compared to
an army organisation, in which a few sergeants (chiral compo-
nent) can control the movements of large number of cooperative
soldiers (achiral monomers), and is commonly defined as
sergeants-and-soldiers rule.>* Green has also demonstrated that
a small excess of one enantiomer in mixtures can lead to
the formation of helices whose conformation is biased towards
the component present in excess, i.e. helical sense is ruled by the
majority and this bias is known as majority rule.>® These rules
are also applied to supramolecular polymers (Fig. 6a-c)."”*"~°
For example, addition of chiral peptide auxiliaries appended
with naphthalenediimides to their achiral analogue in a typical
sergeants-and-soldiers experiment leads to the assembly of
helical structure with handedness corresponding to the added
chiral component.*®

The analogy between chirality induction in covalent and
supramolecular systems is not absolute and some character-
istics related with the dynamics of the supramolecular assem-
bly must be considered. The chiral memory effect is a particular
application of the sergeants-and-soldiers rule, in which a chiral
agent is used to impart chirality in systems assembled from
achiral building blocks or induce chirality bias in racemic
mixtures and then is removed or replaced without affecting
the induced chirality.*>*' While this approach has been widely
applied to covalent polymers, its implementation for supramo-
lecular systems is embarrassed by the dynamic exchange of
structural components - the introduction of a chiral agent can
induce disassembly by disturbing the interactions that hold the
structure together instead of inducing chiral amplification.*’
However, there are several examples in which the memory
effect has been successfully demonstrated for supramolecular
peptide-based systems.*®*°

In the case of supramolecular systems, it is recommended the
use of the term amplification of asymmetry instead of amplifica-
tion of chirality.'” This term describes the non-linear increase of
the enantiomeric excess, optical activity, and net helicity in the
assembled system.'”*> The use of this terminology is particularly
relevant in the case of supramolecular chiral structures assembled
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from synthetic peptides and glycans because these building
blocks can be homo- (all p- or all 1-) or heterochiral (comprising
both p- and r-amino acids and monosaccharides, respectively).

The possibility for the amplification of the asymmetry in
racemic mixtures, ie. the self-assembly of equimolar mixtures
of p- and r-enantiomers (Fig. 6d), has been studied thoroughly.
In 1953, Pauling and Corey predicted that racemates of - and p-
peptides should pack into rippled B-sheet structure composed
by alternating - and p-sequences (Fig. 7a), i.e. they should co-
assemble.”® Since then, different mixtures of synthetic peptides
and glycans have been studied.®'"***® Because helical struc-
tures are readily visualized by high resolution microscopies,
they are very convenient for these studies. Nilsson et al. have
shown that indeed racemate of homochiral - and p-peptide
FKFEFKFE co-assembled into rippled p-sheet structure.*® The
TEM analysis showed that enantiomer pure peptides formed
helical ribbons with opposite helicity, while the racemate
assembled into flat nanoribbon structures (Fig. 7b). Similar
behaviour has been also reported for N-alkyl-glyconamides and
aromatic disaccharides.'*?%*”

Such preference towards co-assembly can be explained by
several factors. From a statistical point of view, racemates have
more packing options than single enantiomers and thus, the
probability to form thermodynamically stable assemblies is higher.
Kinetic factor can also contribute to this preference: in co-
assembly both enantiomers can propagate the growth by binding
on the nucleus (initial small cluster of assembling blocks), whereas
in self-sorting an inhibition of the growth can occur if the “wrong”
enantiomer binds to the cluster of the other stereoisomer.

Besides these factors, kinetically entrapped (for definition
see Section 4.2) self-sorting and formation of mixture of helices

Wavelength (m)

Fig. 7 Examples of different processes that can occur in racemates self-
assembly. (a) Schematic presentation of the rippled B-sheet structure
composed by alternating L- and p-sequences. Adapted with permission
from ref. 44 Copyright 1987 by John Wiley and Sons. (b) Helical fibres of
homochiral L- and p-peptide FKFEFKFE and the respective co-assembly
obtained from their racemate (L + D). Reprinted with permission from ref.
45. Copyright 2012 American Chemical Society.
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with opposite handedness can take place.*® Recent data from
Stupp et al. suggests that self-sorting occurs due to the enthal-
pic penalty required to change the twist.”> The complexity of
the assembled helical structure can also contribute - often the
formed self-sorting helixes are complex superstructures (e.g.
coiled coils) as indicated by their size and their formation
implies perturbing of the molecular packing. It is expected that
a manipulation of the temperature would result in reorganisa-
tion of self-sorted helixes and formation of more stable co-
assembled structure. Indeed, experimental data indicate that
fast cooling of racemate solutions can promote self-sorting,
while slow cooling enhances co-assembly.

4. Control of supramolecular helicity

The formation of supramolecular helices from discrete low
molecular weight components is a complex process governed
by the interplay of different factors, broadly divided into two
categories — molecular and environmental factors. The thermo-
dynamics of the system is related with the molecular design,
while the kinetics relies on environmental factors. Understand-
ing and controlling these factors is therefore essential for the
design and synthesis of helical supramolecular assemblies with
targeted properties.

4.1. Molecular factors

Rational design of the assembling blocks, i.e. low molecular
weight peptide and carbohydrate amphiphiles, is a straightfor-
ward approach to control the helicity and handedness of the
system by tuning the supramolecular interactome involved in
the assembly.>'°°>3 Early studies have established the main
rules for molecular design: the assembling blocks must be
chiral, amphiphilic, and contain a rigid segment and amide
bond(s).>**®> Indeed, most of the reported supramolecular
helices are assembled from peptide and carbohydrate amphi-
philes that follow these rules although some exceptions exist.

The rigid segments determine the pseudocrystalline organi-
sation of the helical assembly. The amide bonds are essential
for the formation of directional intermolecular H-bonding and
studies have shown that the replacement of amide with ester
functionality compromise the formation of unidirectional
assemblies. In aqueous environment, however, the directional
H-bonding between short amphiphiles is weakened and must
be strengthened by hydrophobic interactions, n-stacking, elec-
trostatic interactions, and/or metal-ion coordination. Thus, in
addition to H-bonds formed between intermolecular amides,
an introduction of rigid alkyl portion or m-stacking motifs by
functionalisation with aromatic groups such as fluorenyl-
methoxycarbonyl (Fmoc), naphthylmethyl (Nap) or adjustment
of the content of aromatic amino acids in short peptides is a
common strategy to enhance the assembly propensity and
overall stability of supramolecular helices in aqueous environ-
ment as well as to control the handedness.”*>*

The fine balance between hydrophobic and hydrophilic
regions within the amphiphiles is critical because it tunes the
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solubility and the type of inter- and intramolecular interactions
that will drive the assembly process and assure the stability of the
helical structure. As an example, Welte and Pfannemuller have
studied different N-alkyl-p-gluconamides, in which the length of
the alkyl chain varies between Cys and C,, and found that only N-
octyl-p-gluconamide forms exclusively helical assemblies that are
right-handed, while the other amphiphiles assembled into flat
ribbons alone or co-existing with helices.”>®°

The chirality of the assembling blocks is essential for the
induction of helicity and handedness.>® Studies with homo-
chiral (containing either p- or r-amino acids) and heterochiral
(composed by both p- and r-amino acids) synthetic peptides
have determined the critical elements for induction of twist and
chirality transfer from molecular to supramolecular level,®*¢>%61763
These studies revealed that generally, the amino acids order in the
peptide chain is important for instructing a twisting of the
assembled structures (e.g. fibres or ribbons) whereas the stereo-
chemistry of the terminal amino acids are determinant for the
handedness of the assembled helical structures (Fig. 8). It has been
also demonstrated that changing the configuration of a single
stereocenter can affect dramatically the morphology of the
assemblies.

The helix propensity depends also from the helix length,**
N- or C-capping,®®®° charge,®® side chains, among others.®® For
example, side chains/functional groups that are exposed on the
surface upon assembly define the surface topology of the
suprastructure and affect its handedness via attractive and
repulsive interactions.’®”” Recent data have demonstrated that
the effect of aromatic side substituents on handedness deter-
mination is more powerful than the aliphatic counterparts.®®
The overpower effect of the aromatic side chains is due to their
intramolecular steric repulsion to the monomer backbone and

Fig. 8 Effect of amino acids stereochemistry on the helix handedness.
The stereochemistry of each amino acid is shown as superscript; F:
phenylalanine, A: alanine. Adapted with permission from ref. 63 Copyright
2021 by John Wiley and Sons.
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intermolecular directional aromatic stacking that induces
chiral flipping between single B-strands within multi-stranded
B-sheet.

Systematic studies with carbohydrates are scarce because of
their challenging synthesis but also because of their complex
supramolecular interactome and stereochemistry. Most studied
amphiphiles contain only one or two monosaccharides con-
jugated to rigid aromatic or long aliphatic chains. Such carbo-
hydrate models are oversimplified and limited when compared
to natural carbohydrate systems (e.g. polysaccharides, glycosa-
minoglycans) as well as to the available peptide models. As an
example, they do not provide information about the influence
of monosaccharides order in the monomers on the supramo-
lecular organisation, helicity and handedness. Interestingly,
there is a significant body of studies devoted to the effects of
the length and structure of the aromatic/aliphatic portion of
the amphiphiles on their self-assembly but there are few
molecular designs targeting specifically the stereochemical
potential of the saccharide segment. Fuhrhop et al. reported
on the assembly of diastereomeric and enantiomeric N-octyl-
glyconamides.*®>*®” They have observed that the chirality of
the helices is predetermined by the chiral monomers, e.g. left-
handed twisted ribbons were assembled from N-octyl-p-
galactonaminde, while right-handed twisted ribbons were
formed from the -isomer (Fig. 9a).>

However, not all p-isomers form left-handed twists, e.g. N-
octyl-p-gluconamide assembles in right-handed helices with dia-
meter of 120 A and pitch height of 200 A (Fig. 9a).°° Crystal-
lographic studies have shown V-like conformation for the
gluconamide (with bending at C1) that is essential for the arrange-
ment in head-to-tail monolayers and their bending towards for-
mation of helices (Fig. 9b).°° Recently, we have reported helical
assembly of amphiphiles, in which the carbohydrate is in its
hemiacetal form and is functionalised with aromatic Fmoc group
(Fig. 9¢).>® In these amphiphiles the supramolecular interactome is
different: Fmoc functionality allows for intermolecular n-m stack-
ing as well as for intra- and intermolecular CH-rn stacking with the
hemiacetal ring (Fig. 9¢).”>° We have compared epimers that differ
by the stereochemistry of C4. This small structural difference
results in the formation of two CH-planar faces (C1-C3-C5 and
C3-C4-C5) via which the galactose amphiphile can participate in
CH-r interactions, and as a consequence, it assembled in either
left- or right-handed helices (interconversion polymorphs). In
comparison, the glucose has only one CH-planar face (C1-C3-
C5) and formed only right-handed helices.** Delbianco et al. have
used aromatic amphiphiles in which the carbohydrate moiety is
made of disaccharides and reported similar twisting tendency but
the generated assemblies are bigger.""

Bolaamphiphiles with aromatic core substituted with mono-
and disaccharides have been also studied as monomers for
helical self-assembly (Fig. 10).°>’® Functionalisation with car-
bohydrates enhances the solubility of the amphiphiles and add
chiral elements that promote helical organisation while the
aromatic core allows for m-stacking. An important feature of
these helices is the surface exposure of carbohydrates (Fig. 10a)
that makes them available for interactions with proteins.”®
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Fig. 9 Examples of supramolecular helices assembled from carbohydrate
amphiphiles (a) different N-octyl-glyconamides (open-chain carbohy-
drate) assemble in distinct helical structures. SEM images are reproduced
with permission from ref. 59 for N-octyl-p-glucosamide Copyright 1985
by Elsevier and ref. 26 for the N-octyl-galactonamides Copyright 1988
American Chemical Society. (b) Mechanisms for the formation of helical
assemblies via (bl) twisting of planar sheets and (b2) bending and fusion of
micelles. The 3D reconstruction of the 6-bilayer helix in (bl) is reproduced
with permission from ref. 68 Copyright 1996 by Elsevier. (c) Epimers of
aromatic N-glycosamines (different stereochemistry at C4, blue arrows)
assemble in helices that are different from the open-chain carbohydrate
amphiphiles due to the divergent supramolecular interactome and depend
on the colling rate (fast and slow). Images are reproduced from ref. 52
Copyright 2024 Royal Society of Chemistry. Stereocisomers are separated
by dashed lines (blue for epimers and red for enantiomers).

Besides these examples, systematic studies about chirality
propagation from molecular to supramolecular level with car-
bohydrates are still scarce: the assembly of carbohydrates
containing longer sequences, and heterochiral saccharides is
still enigmatic. However, few recent reports demonstrate the
power and great potential of the stereochemical wealth of
carbohydrates in synthesis of foldamers and promise exciting
new breakthroughs.>*”"72

The geometry of the monomers also influences the for-
mation of helices and their handedness.”>**®” Changes in
molecular geometry affects the orientation of H-bond donors
and acceptors, rigid backbones, or planar aromatic rings that
are important for the stacking and the formation of a helical
structure. According to molecular geometry, different helix
propensity of the naturally occurring amino acids in proteins
has been determined with alanine favouring the formation of a-
helices and proline breaking the helix formation because of its

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Schematic presentation of helical self-assembly by n-stacking
of the carbohydrate bolaamphiphiles with aromatic core. (b) and (c)
Examples of carbohydrate bolaamphiphiles, which assemble into helices
in aqueous environment: (b) terphenyl bolaamphiphiles of (bl) o-L-
rhamnopyranose and (b2) a-p-mannopyranose assemble in helices with
opposite handedness;®® (c) p-lactose functionalized perylene bisimide
derivative assemble into right-handed supramolecular helix.”®

rigid ring structure, absence of a hydrogen at the amide
nitrogen (preventing H-bonding), and its fixed conformation,
which is incompatible with the helical geometry.”® The diverse
helical conformations in proteins are illustrative for the impor-
tance of the molecular geometry. The a-helix (backbone torsion
angles ¢ = —57° and \ = —47°) is the most stable one.”*”” The
stability is due to the optimal side chain packing resulting from
the H-bonding between each -NH group from the backbone
and the -C=O0 group that is at four positions distance (n + 4) in
the backbone. The a-helix contains 3.6 residues per turn, has a
pitch of 5.4 A, and a strong dipole moment due to the align-
ment of -C=O0 groups along the helix axis. In 3;, helix, the
H-bonding is between -NH and -C—O that is 3 positions apart
(n + 3) resulting in a tinner (3 residues per turn) and more
elongated (5.8-6 A) helix when compared to o-helix.”® The dipole
moment is decreased because the -C—0 groups are tilted off the
helix axis and the overall geometry leads to shorter and less
stable helices (typically found at helix termini or as short
segments). The n-helix is wider and looser than both o- and
310-helices (4.5 residues per turn and H-bonding between -NH
and -C—0O0 groups that are 5 positions apart). The n-helices are
conformationally diverse (broad range of torsion angles have
been reported) and can introduce significant local distortion or
bends in the helix. Finally, in proline helices that are frequently
found in collagen the regular H-bonding is impeded - proline
introduces kinks, distortions or breaks, thus, increasing the
structural flexibility.”® An example is the polyproline II helix that
has an open, left-handed, extended structure with 3 residues per
turn and no internal H-bonds.

From a molecular geometry perspective, helical and cyclic
peptides (peptides where the amino and carboxyl termini are
linked) seem the straightest monomers for formation of supra-
molecular helices (Fig. 11).””"”® Their main advantages are the
predictable geometry defined by the narrow range of energeti-
cally favourable combinations of torsion angles and well-
understood sequence-to-structure relationships that allow poly-
merisation towards targeted oligomeric states and topologies.”
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Fig. 11 Schematic presentation of the polymerisation of (a) helical and (b)
cyclic peptides towards supramolecular helices. The repulsive/attractive
forces between the side chains (red arrows) influence the helix properties
(e.g. radius of curvature and gradient angle), as well as the following
hierarchical organisation of the helices (purple arrows).

In the case of helical peptides, the assembly is usually in head-
to-tail fashion (Fig. 11a),*° while the assembly of cyclic peptides
is usually driven by formation of multiple-hydrogen-bonding
arrays and side chain-driven aggregation (Fig. 11b).!

The most robust and widely used design relies on cyclic
peptides with an even number of alternating p- and r-amino
acids. This arrangement promotes a flat, planar ring conforma-
tion where all amide -NH groups point in one direction and all
-C=O0 groups in the opposite, enabling strong, directional
intermolecular H-bonding upon stacking (Fig. 11b). Cyclic
B-peptides, cyclic o,y-peptides, and cyclic peptides containing
g-amino acids are also used in some approaches. The stereo-
chemical restrictions imposed by the design of plane molecular
cycles limit the choice of the isomers that can be used and thus,
the stereochemical information that can be coded. This draw-
back can be partially overcome by specific design of the side
chains - while the backbone H-bonding is the primary driver of
the assembly, side chain interactions (e.g. hydrophobic, hydro-
philic, aromatic stacking) can control lateral aggregation, solu-
bility, and functionalisation. For example, amphiphilic designs
can promote bundling or control the orientation of the assem-
blies in water.®” There are several recent reviews about these
peptides that describe in detail the molecular design, the
symmetry restrictions and the assembly in supramolecular
helices.75,77,80,83,84

Design of higher order structures such as coiled coils is
related with the transfer of chirality to higher structural levels.
The hallmark of coiled coils is the seven-residue (heptad) repeat
with alternating hydrophobic and polar residues HPPHPPP, (H
and P represent hydrophobic and polar residues, respectively)
denoted as a-b-c-d-e-f-g (Fig. 12a). The alternation of hydro-
phobic and hydrophilic residues creates an amphipathic o-
helix. The side chains at the (a) and (d) positions from one
helix fit into the spaces (holes) formed by the side chains of
another, stabilizing the structure through ‘“knobs-into-holes”
packing.®> Aromatic residues (Phe, Trp, Tyr) are generally
avoided at these positions due to steric constraints and bulki-
ness, which can destabilize the core. Positions (e) and (g) are
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Fig. 12 Self-assembly of coiled coils by peptides. (a) Essential heptapep-
tide sequence contains hydrophobic amino acids in positions a and d
(cyan) and charged amino acids in g and e positions (magenta) allowing
formation of parallel and antiparallel heterodimers. (b) Schematic presen-
tation of the structure of a parallel heterodimer, in which the residues
involved in electrostatic and hydrophobic interactions are coloured
magenta and cyan, respectively. The image is reproduced from ref. 87
under CC BY 4.0.

usually occupied by charged residues (e.g. Glu, Lys, Arg), which
can form interhelical salt bridges that stabilize the assembly and
determine specificity (Fig. 12b): oppositely charged residues
promote the pairing (positive design), while similar charges
can prevent undesired associations (negative design). The other
positions (b, ¢, and f) are solvent/interface exposed and can be
designed to tune the helical propensity and favour the formation
of dimers, tetramers, or higher-order oligomers.*®

Peptides can be engineered to be orthogonal, i.e. assembling
only with their designated partners, or flexible linkers can be
used to connect multiple coiled-coil domains in more complex
assemblies.®® Collagen triple helices have been used as model
to develop synthetic higher-order mimics but achieving self-
assembling control similar to that in natural o-helical coiled
coils remains challenging due to the limited understanding of
the sequence-structure relationship in collagen higher-order
assembly.*>*® Further information about the assembly of
coiled coils can be found elsewhere.”*~**

4.2. Environmental factors

Recent studies have demonstrated that, in aqueous environ-
ment, supramolecular polymerisation can involve large kinetic
barriers and instead of thermodynamically stable products
(SP2, Fig. 13), formation of kinetic products (SP1, Fig. 13)
occurs. >

Such kinetically-driven pathways/products are often
observed in living systems and important for self-organisation
of life and evolution.”® The stability of the kinetic products
depends on the magnitude of the energy barrier(s): at low AE,
~ koT metastable products are formed that are transitional and
transformable in more stable products within the reaction
time, while kinetically trapped products obtained at higher
AEA » koT can be transformed into thermodynamically stable

products only upon external stimulus. Of note, when the
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Fig. 13 Schematic presentation of (a) consecutive and (b) competitive
pathways of supramolecular polymerisation of monomers (M) that can
result either in kinetic supramolecular product (SP1) or in stable thermo-
dynamic product (SP2).

reaction follows the competitive pathway (Fig. 13b), the trans-
formation of kinetic products into thermodynamic one is only
possible via disassembly and de novo assembly. In any case, the
common outcome is polymorphism (existence of systems with
different morphologies and chirality from the same monomers)
that can be controlled by the used conditions, e.g. solvent
composition, temperature, and pH (Fig. 14).%°°° The physio-
logical importance of this process is well documented for
proteins/peptides that can fold in different conformations
and chirality (Fig. 1c), e.g. different polymorphs of amyloid
fibrils have different stability and toxicity.”®>?®'°°"'°> The low
energy barriers between different polymorphs allows their co-
existence and interconversion but environmental factors can be
used to favour the formation of one polymorph over others.
4.2.1. Solvent. Solvent is an important player in the self-
assembly process: its polarity, viscosity, and chirality affect the
supramolecular packing, as well as the thermodynamic and
kinetic parameters of the nucleation and elongation

(L)-helical ribbon (D)-helical ribbon Platelet (D)-twisted ribbon

(L)-twisted ribbon

Chiral inversion “Soft” i “Rigid”

iral inversi oft” counterions Rigid” counterions Chiral inversion

v/ = \
//// =

Increasing solvent polarity or temperature

Fig. 14 Polymorphs of ferrocenediphenylalanine (Fc-FF, 4 mM) helical
assembles obtained at different conditions. (a) Schematic presentation of
Fc-FF self-assembly in which each yellow line represents a simplified
strand of a B-sheet. (b)-(e) SEM image of (b) the tubelike helical ribbons
(10% 2-propanol and 90% PBS solution 100 mM, pH 5.6); (c) nanospring
(10% 2-propanol and 90% H,O, pH 5.6 (20 mM ethylenediamine), 37 °C);
(d) nanohelix formed through the helical twisting of two crossed ribbons
(10% HFIP and 90% H,O, pH 6.0 (20 mM piperazine), 37 °C); (e) nanoscrew
formed through a combination of the two elementary forms of -sheet
arrangement (10% acetonitrile and 90% H,O, pH 5.6 (20 mM piperazine),
50 °C). Reproduced from ref. 98 with permission from American Chemical
Society, copyright 2015.
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processes.'” As a result, helices with different handedness and
dimensions (pitch and thickness) can be generated from the same
building blocks in different solvents. One example are the helices
assembled from peptide amphiphiles derived from r- and b-
alanines (Fig. 15a) in different solvents.'®* In water, these amphi-
philes form nanoribbons whose handedness is determined by the
chirality of the amino acid at the C-terminus (Fig. 15b). Similar
nanoribbons are assembled in THF but their handedness is
opposite (Fig. 15¢). SAXRD patterns showed the formation of a
lamellar structure in either solvent that is due to the hydrophobic
stacking between the alkyl chains (Fig. 15d).

However, the interlayer distance (d-spacing) between these
chains in water is shorter than in THF showing different
packing in these solvents. This difference can be explained by
the different affinity of the amphiphile units to these solvents —
the peptide can form H bonding with water while the alkane
portion has higher affinity to THF. The d-spacing is not
compatible with the intercalation of the THF between the bi-
layers and thus, the packing can be explained with an inversion
of the handedness in this solvent (Fig. 15d) that is confirmed by
microscopy observation.

In synthetic systems, a solvent switch method is commonly
used to trigger the self-assembly. This method consists of
dissolving the amphiphiles in a good solvent followed by the
addition of a second, usually poor solvent. In the case of
supramolecular materials for bioapplications, the choice of
solvents is quite limited due to the toxicity of most organic
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Fig. 15 Effect of the solvent on the handedness of supramolecular helices:
(@) chemical structures of peptide amphiphiles used for the assembly of
helices in (b) aqueous solutions at concentrations of 2.0 g L™ and in (c) THF
at concentrations of 30 g L™ (d) Schematic presentation of the solvent
effect on the molecular packing and handedness of helices assembled from
the LL isomer based on the SAXRD data. Adapted from ref. 104 with
permission from American Chemical Society, Copyright 2013.
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solvents: DMSO is commonly used as a good solvent because of
its low toxicity and ability to dissolve both polar and nonpolar
compounds, and water is added as a co-solvent to trigger the
assembly. Water can participate in H-bonding either as a donor
or an acceptor and several studies have shown that its amount
can affect the stacking and packing.®>'%>'%¢

4.2.2. pH. pH is an important factor from the bioapplica-
tion point of view because different physiological and patholo-
gical processes are associated with changes of local pH. For
example, the pH is an important factor in wound healing:
acidic pH promotes the healing and this effect is related with
conformational changes in overexpressed proteases, which
results in a decreased activity.'®” Thus, the possibility to control
the helix formation, handedness and stability via pH adjust-
ment is of great interest.

pH change can alter the protonation state of functional groups,
thereby influencing the supramolecular interactome and the
assembly process - it can result in morphological changes or in
the inversion of handedness.®®'°® The pH effect is most pro-
nounced for helices whose assembly is driven by electrostatic
interactions. One example is the co-assembly of chiral phenylala-
nine amphiphiles and achiral cationic poly(acrylamide-co-diallyl
dimethylammonium chloride) (CPAM, Fig. 16a). At neutral pH,
the p- and r-isomers of the amphiphile assemble into helices with
opposite handedness that are stabilized by electrostatic interac-
tions with CPAM (Fig. 16b)." At basic pH (pH 10), this handed-
ness is preserved but at acidic pH the handedness is inverted and
the assembled helices are not exact mirror images. The reason
for these changes is the different supramolecular interactome
involved in the assembly: at acidic conditions there are mainly

Fig. 16 (a) Chemical structures of chiral phenylalanine amphiphiles and
achiral cationic poly(acrylamide-co-diallyl dimethylammonium chloride)
and (b) schematic presentation and TEM images showing the co-assembly
and the inversion of the handedness at different pH. lonizable groups are
indicated in green. Adapted with permission from ref. 109 with permission
from Elsevier, Copyright 2019.
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hydrogen bonds between the carboxyl groups of the amphiphiles
and the amides of the CPAM, while at the basic pH the carboxyl
groups are ionized and interact with cationic quaternary ammo-
nium ion through electrostatic interactions, resulting in rearran-
gement and different packing.'®

The effect of pH on packing can result not only in changes of
helices handedness, pitch and thickness but also in transition
to completely different morphologies. This is the case of chiral
Fc-FF assembled in 2-propanol/water (1/9) that in very narrow
pH range change from nanospheres (pH > 5.9) to nanohelices
(pH 5.7-5.9) and nanobelts (pH 5.5).*>

4.2.3. Temperature. The effect of the temperature can be
different - from fine tuning of helices properties such as pitch,
diameter, handedness to formation of assemblies that are with
completely different morphologies.”®''° For example, tunning
of the temperature allows precise control of the diameter and
helical pitch of the self-assembled chiral nanostructures by
balancing the chiral interactions and the geometric constraints
as shown for Fc-FF (Fig. 17).°®

In fact, the temperature change is a common method to
induce assembly: cooling down a warm solution of monomers is
often used not only to overcome their limited solubility but also
to direct and control the assembly. Of note, in temperature-
induced assembly, the final temperature is important but also
are the cooling rate and the cooling profile/thermal history that
can be tuned to selectively obtain different assemblies.’*" "
We and others have shown that the cooling rate can be used to
control the handedness of the helices assembled from carbohy-
drate amphiphiles.”*'"> The aromatic amphiphile of b-
galactosamine  (N-fluorenylmethoxycarbonyl-p-galactosamine)
assembles into P-helices upon fast cooling (40 K min~') and
into M-helices upon slow cooling (5 K min~") in water (Fig. 9¢c).

The inversion between left- and right-handed states is
governed by an energy barrier(s), with one state being kineti-
cally trapped and the other thermodynamically stable

(Fig. 13).°® A slow cooling rate allows overcoming the kinetic
barriers and promotes well organized, high-fidelity self-
assembly ultimately resulting in thermodynamic products -
lower-energy structures.

stable, On the other hand, a

d =7 o m=i7eC | f 04
o --50°C -—50°C .
-4-60°C =60 °C

o z. 0.3
7 2 2
5 AL 4
2 J Vo hS 02
- A \ ..

.
/ . s 1l. I 1 .I II - e
00 01 02 03 04 05 06 00 06 12 18 24 30 36 35 50 55 60

40 45
Diameter (um) Helical pitch (um) Temperature / degree

Fig. 17 Effect of the temperature on the morphology of helices
assembled from ferrocenediphenylalanine (Fc-FF) at (a) 37 °C, (b) 50 °C,
and (c) 60 °C. (d) Diameter (D) and (e) helical pitch (H) distributions of the
helices formed at different temperatures. (f) Profile of the C values as a
function of temperature, where C—D/H. Adapted from ref. 98 with
permission from American Chemical Society, Copyright 2015.
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fast-cooling rate can trap the system in a metastable state or
produce kinetically controlled structures, i.e. it can result in
intermediate or less ordered structures that might be less stable
over the time. An illustrative example for the balance of
different interactions under kinetic and thermodynamic con-
trol is the co-assembly of chiral phenylalanine amphiphiles
(LPF and DPF, Fig. 16a) and achiral naphthylamide derivatives
upon temperature or a solvent switch."** Thermodynamically
stable non-helical belts and sheets are obtained upon tempera-
ture decrease due to the non-helical n-r stacking between the
achiral pyridine derivatives that occurs first followed by H-
bonding of the phenylalanine blocks (Fig. 18a).

The solvent switch method, on the other hand, results in the
formation of kinetically trapped chiral structures such as
helical ribbons, twists, superhelices and double helices because
at these conditions H-bonds between the chiral and non-chiral
components are formed first leading to the chirality transfer
and then these chiral co-assembled blocks are packed into
helical structures (Fig. 18b).""?

Temperature change can also induce disassembly or results
in a different packing/morphology (e.g. micelles, vesicles) if the
helical system is a kinetic product (Fig. 13). Such thermore-
sponsiveness can have different biomedical applications.
For example, p- and r-forms of alanine-functionalized phenyle-
neethynylenes have been used as templates for chiral
plasmons.’*® In this approach, gold nanoparticles are grown
on chiral templates assembled from the amphiphiles. Then, the
templates are dissociated upon increasing the temperature,
resulting in free-standing chiral plasmonic nanostructures, in
which the nanoparticles keep the helical organisation, and the
handedness induced by the templates.

4.2.4. Other environmental factors. Other environmental
factors such as amphiphiles concentration, presence of coun-
terions, ionic strength, and application of stimuli such as
ultrasound and photoirradition, can be also used to induce
supramolecular chirality and control the handedness of the
assemblies,>>?%116:117

[ m———  , NN
n—n stacking El, non-helical stacking - growth

gy Pyridine
= ¥ | LPF & 9derivative
b
Hydrogen bonds 5 helical stacking s growth

Fig. 18 Schematic illustration of the supramolecular interactions involved
in the formation of (a) thermodynamically stable assemblies upon tem-
perature decrease and (b) kinetically trapped products upon solvent
switch. Adapted from ref. 113 with permission. Copyright 2022 John Wiley
and Sons.
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5. Bioapplications of supramolecular
helices

Helical supramolecular systems have been developed as funda-
mental tools aiding the understanding of homochirality in
living systems but also as means to manipulate the chirality-
sensitive processes such as proteins folding and aggregation,
proteolytic stability, cells apoptosis, bacterial adhesion.**572°

5.1. Self-replicating systems

Self-replicating systems aim to explain the emergence of life by
providing pathway(s) for transferring structural information, varia-
tion, and evolution in prebiotic environment without the need of
complex replication biomachinery, ie. they provide information
about the synthesis of life from non-living matter.*"'** The first
self-replicating peptide system was reported in 1996 and since
then this research area has attracted great attention. In this study
a template-assisted mechanism is reported - the targeted
peptide (template) catalyses its own formation from two shorter
ones in aqueous solution by stabilising the assembly of the
fragments and accelerating their ligation. The replication showed
parabolic but not exponential growth due to product inhibition
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Fig. 19 Example of self-replicating peptide system. (a) Building blocks
consisting of a peptide strand (blue) attached to a dithiol aromatic group
(yellow) oxidize in agueous medium to form cyclic oligomers linked
through disulfide bonds. The macrocycles constantly exchange in the
presence of an unreacted monomer. One macrocycle of a specific size
(here it is a hexamer) can stack to form a nucleus, which then grows into a
fibre by incorporating material from smaller macrocycles (elongation). (b)
Replicators made from different peptides (A, B, C, D, or E) show enantios-
electivity (i.e., incorporation of only one enantiomer into a single fibre) that
depends on the ring size and the possible interactions conferred by their
respective peptide strand. The image is reproduced from ref. 125 under CC
BY 4.0.
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caused by the dimerization of two templates. Recently, Otto et al.
reported supramolecular polymerization-driven self-replication
(Fig. 19a)."">*'>* The process takes place in a mixture of inter-
converting peptides leading to the autocatalytic sequestration of
the assembling molecules and causing their exponential self-
replication (Fig. 19a).>"'>® After the new peptide is formed, it
can dissociate from the original template and catalyse the for-
mation of more copies, leading to a cycle of self-replication. Such
system was used to demonstrate the effects of chirality on self-
replication (Fig. 19b)."*> Systematic studies allowed to select a
replicator that incorporates material of its own handedness from a
racemic mixture of precursors, resulting in stereochemical sorting
of the precursors into enantiopure replicators. The enantioselec-
tivity of this system depends on the ring size of the replicator that
appear to impose constraints on its supramolecular organization.

So far, no purely carbohydrate-based self-replicating systems
are known but self-replication involving carbohydrates does
occur in certain chemical systems. The best-known example is
the formose reaction - self-replicating network in which simple
carbohydrates are generated from formaldehyde but the carbo-
hydrate generation is not template-assisted.

5.2. Amyloid-like fibres

Amyloid-like fibres are subject of extensive research in disease
and material science contexts. This interest is fuelled on one
hand by their pathological role in different neurodegenerative
diseases, including Alzheimer’s disease, Parkinson’s disease,
type II diabetes, and on the other hand, by the possibility to
tune their properties by environmental factors,'?*1267128

Amyloid-like fibres are formed by proteins or peptides that
misfold and aggregate into typical cross-p sheet structure, in
which B-strands align perpendicular to the fibre axis, giving the
fibres their characteristic stability and strength."*”"**'3° Ana-
lysis of different polymorphs have shown that the helical
morphology of the fibres is due to the chirality of the building
blocks and that generally the helical pitch of the fibrils
increases with the width (Fig. 1¢).'®*

Different studies have shown that right-handed amyloid
assemblies are implicated in Alzheimer’s disease and exhibit
a higher resistance to proteinase K degradation when com-
pared to their left-handed counterparts.’®®® From a disease
control perspective, chirality has been explored to inhibit
amyloid B growth, elongation, aggregation, and recognition.
The use of non-canonical p-amino acids instead of the natural
t-analogues showed that the assembly process differs for the
stereoisomers and the properties of the aggregates are
distinet.”'™"** Dutta et al demonstrated that the cellular
uptake of amyloid B is a stereoselective process with a pre-
ference for the natural i-isomer (5-fold higher than b-
isomer)."**"** Such preference can explain the higher toxicity
of the r-isomer and suggests receptor-mediated internalisation
in which the aggregates are recognised and bound with a
certain degree of stereoselectivity. Moreover, supplementation
of the p-isomer reduces the concentration of toxic oligomers
from canonic r-peptide formed in vitro, while the racemate
accelerates the fibrils formation.'** Peptide sequences that
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contain symmetry breaking amino acids (see Section 4.1) have
been also explored as amyloidosis inhibitors. In particular, the
tripeptide “PPF"F disturbs the B-sheet organisation and showed
promising inhibitory effect in vitro. In vivo studies have also
explored this approach.'®"** Gold nanoparticles functiona-
lized with 1- and p-glutathione (contains G that has low helix
propensity due to its small size, which allows high flexibility
and polar C that typically do not favour helices) crossed the
blood-brain barrier and the p-construct had stronger inhibitory
effect, decreased amyloid B plaque deposition in the brain, and
rescued the memory deficits of Alzheimer’s Disease mice.'**

5.3. Effect on cell behaviour

Chiral recognition is in the basis of cell signalling and affects
cells fate.”"'®?>"1%3 geveral studies have shown that the incor-
poration of p-amino acids in the self-assembling peptide
sequences reduces the toxicity of supramolecular helices
towards different cells.**»*** A possible cause for this effect is
the lower affinity that the nanohelices assembled from peptide
amphiphiles with p-amino acids have for lipid bilayers (i.e. cell
membrane) compared to the ones with r-amino acids.'*?
Another reason is a distinct protein interaction with helices
with different handedness."*® Feng et al. used a series of PF
derivatives and showed that left-handed (M) nanofibres
(Fig. 20a) have stereoaffinity to native protein molecules and
provide more integrin-binding sites for cell adhesion and
spreading when compared to right-handed (P) nanofibres
(Fig. 19b). Consequently, the M nanofibres promote cell spread-
ing, proliferation (Fig. 20d-g), and cell differentiation."**'** Of
note, this effect has been observed for either left-handed
nanofibres assembled from peptide amphiphiles containing
L- (Fig. 20g) or p-amino acids.

An opposite effect has been observed for retinal progenitor
cells and helices assembled from 1- and p-phenylalanine deriva-
tives: right-handed nanofibres assembled from the p-enantiomer

Fig. 20 Effect of handedness of supramolecular helices on the cell
adhesion. (a) and (b) AFM images of (a) left- (M) and (b) right-handed (P)
helices assembled from PF derivatives (as the ones presented in Fig. 14a,
for which the COOH group is esterified); (c) and (d) optical and (e) and (f)
fluorescence microscopy images of NIH-3T3 cells after 5 days of culture
on films from the respective enantiomers. Adapted with permission from
ref. 138 Copyright 2019 American Chemical Society. (g) Chemical struc-
ture of L-PF derivatives and illustration of helical chirality inversion tuned
by the number of the methylene units. Adapted with permission from ref.
135 Copyright 2018 John Wiley and Sons.
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promote cell neuronal differentiation, whereas left-handed
fibres decrease this effect."*® The results are explained by the
stereoselective interaction between the helices and retinol-
binding protein 4 that is a main player in the retinoic acid
metabolic pathway. The same helical systems have been also
used to direct the differentiation of mesenchymal stem cells and
showed that the left-handed helices enhance the osteogenesis,
while right-handed helices promote adipogenesis.'*® This chir-
ality dependent lineage commitment is due to the stereospecific
clustering of the mechanosensor Itga5 by the left-handed
helices.

Altogether these data demonstrate that helical nanostruc-
tures can be used to strategically hinder (burying in the helix
cavity) or expose bioactive sequences that target specific recep-
tors and downstream signalling pathways, thus, providing
efficient tools for biogenesis and regenerative therapies. The
manipulation of cellular chiral environment by the supplemen-
tation of supramolecular helices can also direct the cellular
response because enzymes have less tolerance towards p-amino
acids - the incorporation of even a single p-amino acid in self-
assembling peptide sequences is enough to slow down its
enzymatic recognition and transformation.'*

5.4. Antibacterial applications

Chirality plays a fundamental role in bacterial physiology,
affecting the structural integrity and the interactions of bacteria
with their environment. The bacterial cell wall is built from
peptidoglycans, some of which contain p-amino acids that are
crucial for the strength and rigidity of the wall and enhance the
bacterial resistance to proteolytic degradation as most pro-
teases are stereospecific and target -amino acids. Chirality is
also important for the quorum sensing - some bacteria use
autoinducers with specific chirality that is essential for the
interactions with the targeted receptors. Thus, any disruption
in the homeostatic chirality can affect bacterial survival and
functionality. Therefore, many antibiotics target bacterial struc-
tures or enzymes that are chiral. For instance, penicillin
inhibits the synthesis of bacterial cell walls by interfering with
enzymes that recognize p-alanine.

The interest in helical structures with antibacterial activity
dates back in 1941 when the gramicidin (also known as gramici-
din D) was isolated from Bacillus brevis. Gramicidin is a mixture of
polypeptides with ionophoric properties that effectively kills
Gram-positive bacteria. Its major component, gramicidin A, was
the first antibiotic manufactured commercially. It is a decapenta
peptide composed of alternating p- and r-amino acids (primary
structure  HCO"VG"APL*APV*VPV'WPL'"WPL'"WNHCH,CH,0H)
allowing the adoption of a helical conformation stabilized by B-
sheet type H bonding (Fig. 21a). It acts via so-called barrel-stave
mode - gramicidin A helices penetrate the bacterial membrane
where it assembles into head-to-head dimers that are enough long
to span cellular lipid bilayers (Fig. 21b) and form channels via
which small ions (H+, K+, Na+) can diffuse unregulated. The loss
of ion balance causes depolarisation of the bacterial cell
membrane and impairs ATP synthesis, halts bacterial cell growth,
and leads to cell death. Gramicidin A clinical use is however
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Fig. 21 (a) Effect of amino acids chirality on the peptide conformation: in
all-L peptide the pleated B-conformation has ¢ = —120° and = 120° while
in sequences that have p-residues (marked with asterisks) the dihedral
angles of these residues must be inverted to maintain a pleated conforma-
tion able to participate in B-type hydrogen bonding. This causes kinks and
loops in the peptide chain. Peptide chains with altering p/L amino acids
form a B-helix. Reproduced with permission from ref. 147 Copyright 2001
John Wiley and Sons. (b) Schematic presentation of open (up) and closed
(down) ion channels assembled from dimeric gramicidin A.

limited because of its toxicity to eukaryotic cells most probably
due the common ion transport mechanism and different syn-
thetic peptides with lower toxicity have been investigated.'*® The
helical structure of these peptides aids the formation of pores or
disrupting membranes, leading to antimicrobial activity.

GL13K is a cationic peptide that presents antibacterial
activity based on electrostatic interactions with the bacterial
membrane. Importantly, GL13K is not toxic to mammalian
cells and has gained attention because of its efficacy against
bacteria and biofilms - it prevents biofilm formation and
disrupts existing biofilms. Studies with all-L and all-p isomers
of GL13K showed that they both assemble into twisted nano-
ribbons, but this process is faster for the p-isomer.**® This
isomer has higher antimicrobial activity against Gram-positive
bacteria than the r-isomer suggesting that the rate of the self-
assembly is important for the antimicrobial activity. The prop-
erties of the assembled helices are also important. For instance,
data obtained with homochiral C;¢-“V,"R, and C;¢-"V,°R, and
heterochiral C,4-"V,"R, peptides showed that the heterochiral
isomer forms right-handed helices that are more stable and
have higher antimicrobial activity than the homochiral analo-
gues that do also assemble into helices but with larger helical
pitch.’*® Different handedness can also result in different
activity. LPF and DPF (Fig. 16a) modified at the COOH groups
with the antibacterial 2-amino-5-methylthiazole (MTZ) or 5-
amino-1,3,4-thiadiazole-2-thiol (TDZ) assemble into supramo-
lecular hydrogels."*® Both types of hydrogels have antibacterial
activity against Gram-positive and Gram-negative bacteria but
the p-enantiomer, which forms right-handed nanofibres,
showed higher efficacy than the r-isomer that assembles into
left-handed helical fibres. The length of the assemblies is
also important - shorter fibres act by disrupting bacterial
membrane integrity while longer ones agglutinate or entrap the
bacteria.">!
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5.5. Other bioapplications

Carbohydrate-lectin interactions play important role in differ-
ent biological processes, including cell growth, differentiation,
adhesion, cancer metastasis, inflammation by bacteria and
viruses, and the immune response. Lectins recognize specific
carbohydrate termini and bind them into structurally defined
pockets. The multivalent cooperative interactions are essential
for this binding (so-called cluster glycoside effect) and thus,
supramolecular glycohelices with multiple surface-exposed car-
bohydrates are excellent candidates to target lectins. An exam-
ple is the supramolecular helix assembled from b-lactose
functionalized perylene bisimide derivative.”® The chiral mono-
mers induce right-handed supramolecular stacking and exhib-
ited specific binding with peanut agglutinin lectin.
Carbohydrate-lectin interactions are implicated in the bacterial
communication and have been targeted as a part of different
antibacterial approaches. Lee et al. have demonstrated that self-
assembled glyco-nanoribbons can be used to tune the bacterial
agglutination and inhibit the bacterial motility, ie. they are
promising agents for pathogen capture, inactivation, and
detection.”>'>® Of note, in these approaches the helical struc-
ture is not essential.

Fundamental understanding of the interplay between the
peptide and carbohydrate chirality has been demonstrated by
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Fig. 22 Changes in glycopeptide packing arising from different chiral
combinations of peptides and carbohydrates: (a) L-FFFK peptide functio-
nalised with p-galactose (p-Gal) or p-glucose (p-Glc) and (b) p-FFFK
peptide functionalised with p-Gal or b-Glc. Adapted with permission from
ref. 154 Copyright 2025 American Chemical Society.
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self-assembly of glycopeptides that contain bp-glucose or b-
galactose unit at the C-terminus of the 1- and p-FFFK.">* The
non-glycosylated peptides assembled into cylindrical nanofibres
while the glycopeptides formed asymmetric helical nanostruc-
tures. L-FFFK-p-Gal exhibited a tendency to self-assemble into
left-handed helices, while all other stereoisomers assembled into
right-handed structures. Narrower stacking modes with augmen-
ted helical pitch were observed for the 1/p glycopeptides when
compared to the o/b monomers (Fig. 22). All-atom MD simula-
tions showed that this difference is due to enhanced hydrogen
bond interactions between the peptide and saccharide moieties
in the 1/p glycopeptides.

Recently, an assembly of macroscopic helicoids from carbo-
hydrate amphiphiles has been reported (Fig. 23)."'%'>* Because
of the controlled handedness and high surface area, such
structures can find applications as stereospecific templates
for catalytic or enzymatic processes, as well as drug delivery
systems. Yao et al. have studied the assembly of monosacchar-
ide (xylose, galactose, mannose, and glucose) stearoyl esters
and obtained chiral flaky microparticles only from the glucose
esters (Fig. 23a).">® Interestingly, chirality was observed only at
specific a-/B-anomers ratio 20/80, while for other ratios achiral
microstructures with a different morphology were assembled.
The microparticles obtained from r- and p-glucose stearoyl
esters had opposite helicity but the same thermal properties.

Carbohydrates have been used to instruct chirality also in co-
assembly approaches. For example, bola amphiphiles containing
p-glucose or p-mannose co-assemble with 1,4-benzenediboronic
acid into right-handed macrohelices in alkaline aqueous solutions
at temperature above 80 °C (Fig. 23b). The chirality is induced by
interactions between the boronic acid and the cis-diols of the
carbohydrate from the bola amphiphiles because in the absence
of the carbohydrates non-chiral brick-shaped structures were
obtained. The macrohelices emit blue luminescence and their
pitch can be tuned by the selection of the monosaccharide in the
bola amphiphile - when p-glucose amphiphile is used the helices
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Fig. 23 Macroscopic helical structures obtained by (a) assembly of p- and
L-glucose stearoyl esters (reproduced with permission from ref. 155 Copy-
right 2021 John Wiley and Sons) and (b) co-assembly of carbohydrate
based bolaamphiphiles (in green) and 1,4-benzenediboronic acid (repro-
duced with permission from ref. 110 Copyright 2021 John Wiley and Sons).
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have pitch of 5.4 + 1.1 pm, while p-mannose amphiphile co-
assembles into structures with pitch of 6.3 £ 1.0 um.

Helical assemblies can be useful as templates for crystallisa-
tion of biological macromolecules or inorganic replicas. The
potential of this application is underexploited and only few
proof-of-concept studies have been carried.>® The advantages in
the case of proteins for example are that different active sequences
can be exposed upon crystallisation on the template. Moreover,
the templated structures are readily observable by microscopy and
thus, can be instrumental in structure-activity studies. Inorganic
helical structures are not readily prepared without template. One
approach is to add the inorganic salt or oxide to the chiral organic
molecules. For example, homochiral vaterite helicoids have been
assembled in the presence of nonracemic mixtures of t- and p-
enantiomers of amino acid (aspartic acid)."” In another
approach, the inorganic crystals are grown on previously formed
helical assembly. This approach was applied for controlled growth
of gold nanoparticles on supramolecular helical templates that
can be used as chiroptically active materials.'*®

6. Conclusions and future trends

During the last decade, a significant advance in the elucidation
of structural and environmental factors that influence the
supramolecular chirality and trigger helical development has
been made. Synthetic homo- and heterochiral peptides build
from p- and t-amino acids have been essential for this advance.
While at slower pass, synthetic supramolecular chiral glycosys-
tems are also expanding our understanding about helical
development and biofunction in living systems. Besides this
advance, we are still long way from re-creating and controlling
chirality transfer and amplification in complex physiological
environment that is abundant of chiral components and out of
equilibrium events. Currently, we are limited to perturbing
some of these processes by exogenous supplementation of
synthetic peptide and glycan amphiphiles or pre-assembled
left- and right-handed helices generated from these building
blocks. Thus, in spite of the potential of these systems in the
development of biofunctional materials, devices and therapies,
they are still underexploited in these fields.
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