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Chirality has become a fundamental design principle to craft peptide materials. In contrast, the systematic
exploitation of chirality to build glycan materials remains largely unexplored, despite the rich chiral diver-
sity of carbohydrates, with both p- and L-configurations readily available in nature. Here, we emphasize
the added value of exploring mirror-image glycans to tailor carbohydrate materials. By examining the dis-
tinctive chiral features of carbohydrates in comparison to peptides, we demonstrate how these character-
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istics provide powerful opportunities to modulate and elucidate the rules governing glycan assembly. We
discuss examples of carbohydrate materials based on individual enantiomers, the co-assembly of racemic
mixtures, and the assembly of heterochiral sequences. Each section is introduced with key insights from
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Introduction

Life is based on chiral building blocks such as nucleotides,
amino acids, and carbohydrates which assemble to form
higher-order structures.” Likewise, synthetic molecular chiral
systems have advanced the fields of asymmetric catalysis,’
optics,> and materials science.>®*® Chirality dictates the
spatial configuration of molecules, which in turn influences
their interactions with other molecules. In supramolecular
systems, the chiral information encoded in the individual com-
ponents governs the interactions among them, ultimately
leading to the generation of unique materials.” Chirality
shapes the landscape of possible non-covalent interactions,
including hydrogen bonding, ionic interactions, n-n stacking,
and van der Waals forces, guiding self-assembly across
different length scales.">""

Although molecular asymmetry is well understood, the criti-
cal features and driving forces that govern chiral propagation
from asymmetric molecules towards ordered supramolecular
structures remain elusive.>'°*? To address this, assemblies
based on synthetic enantiopure molecules have been studied
to grasp the rules of chiral transmission across scales in
nature.'® In parallel, systems based on the co-assembly of both
enantiomers have been explored. These works revealed that
the co-assembly of enantiomeric building blocks can alter the
molecular packing within supramolecular structures, opening
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peptide materials, serving as inspiration and guidance for the future design of glycan assemblies.

up new possibility not available in our predominantly homo-
chiral world.

This approach has been extensively explored to modulate
the secondary structure and assembly behavior of peptides,
ultimately generating novel peptide-based materials.”*™° Co-
assemblies of natural i-peptides with their non-natural
p-enantiomers have resulted in materials with enhanced
mechanical properties.”>™*® Similarly, the combination of p-
and r-amino acids—whether within the same sequence or
as co-assemblies—allowed access to unusual geometries,
broadening the portfolio of peptide-based engineered
nanomaterials."®'®*”72° The preferential interactions between
enantiomers have been also leveraged to simplify the struc-
tural analysis of difficult-to-crystallize peptides and proteins
through racemic crystallization.>®

Similar to peptides, carbohydrates (i.e. oligosaccharides
and polysaccharides, a.k.a. glycans) are versatile building
blocks for creating programmable supramolecular structures.*
Their multiple hydroxyl groups and chiral centers offer several
options for directional, site-specific functionalization enabling
fine-tuning of both structures and functions. However, chiral
carbohydrate assemblies have been significantly less explored
compared to their peptide counterparts. To date, the chiral
characteristics of glycans have primarily been exploited in the
context of cellulose and chitin nanocrystal assemblies, which
have been extensively reviewed® and fall outside the scope of
this review.

Here, we propose that chirality should be a fundamental
design principle in crafting carbohydrate materials.
Carbohydrates offer a much bigger chiral pool compared to
peptides, with p- and .-monosaccharides - each including mul-
tiple stereocenters - readily available in nature.*> Their
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Fig. 1 Nomenclature adopted within this review to describe sequence and assembly types. p-enantiomer (green), L-enantiomer (purple) (A)
Sequence types; Homochiral sequence: a molecule composed entirely of either b or L monomers. Heterochiral sequence: a molecule containing
both p- and L-monomers. (B) Assembly types; Homochiral assembly: an assembly formed exclusively from homochiral molecules (either only b or
only ). Heterochiral co-assembly: an assembly composed of an enantiomeric mixture of homochiral molecules (p and L). This arrangement can lead
to two distinct scenarios: two enantiopure self-sorted assemblies or a co-assembled structure. Heterochiral assembly: an assembly composed of
heterochiral molecules (containing only one molecular structure). This arrangement can lead to two distinct scenarios: heterochiral assembly or
self-sorting of enantiomers within the supramolecular heterochiral structure.

remarkable chiral features offer a powerful opportunity to
modulate the formation of chiral supramolecular structures as
well as to elucidate the rules governing glycans assembly in
natural systems. By comparing the exceptional chiral features
of carbohydrates to those of peptides, we emphasize the added
value of exploring mirror-image glycans to enhance the tuning
of carbohydrate materials. Our focus will be on the assembly
of individual enantiomers, the co-assembly of racemic mix-
tures, and the assembly of heterochiral sequences (i.e.
sequences containing both enantiomers). Each section will be
introduced with key highlights from the broad literature on
peptide materials, serving as inspiration and guidance for the
future design of glycan assemblies.

To classify the systems discussed throughout this review,
we will adopt the following nomenclature (Fig. 1). This nomen-
clature applies to both peptides and glycans:

Glycan'’s chiral features
A huge natural chiral pool

Glycans exhibit a remarkable structural diversity, arising from
more than 100 fundamental building blocks (i.e. monosac-
charides) that vary in ring size and hydroxyl group orien-
tations. The glycan pool of biologically relevant monosacchar-
ides includes both p- and r-configurations.?** For example,
the most common natural form of galactose is p-galactose
while fucose primarily exists as r-fucose. Additionally, some
monosaccharides like fucose, rhamnose, and xylose can even
be found in both p-and r-configurations, even though one
enantiomer is significantly less abundant in nature.>*** For
arabinose both p-and r-enantiomers are widespread.**** This
plasticity in glycan structures contrasts with peptides, where
proteinogenic amino acids are almost exclusively found in the
t-configuration.
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Another significant difference lies in the structural com-
plexity of the building blocks. Amino acids are based on a
single asymmetric carbon, while each monosaccharide can be
viewed as an array of chiral centers. Inverting the stereoconfi-
guration at a single position of a monosaccharide results in a
new compound (i.e. a diastereoisomer) with distinctly different
physical properties (Fig. 2A). For example, the inversion of
position C2 of p-glucose (p-Glc) yields p-mannose (p-Man),
while inverting the C4 position produces p-galactose (p-Gal).*®
The presence of multiple stereocenters also results in different
monosaccharides with analog three-dimensional arrange-
ments of some hydroxyl groups (Fig. 2A).>>*” For example, the
enantiomer of p-Man, r-mannose (1-Man), shares structural
similarities with r-rhamnose (1-Rha; 6-deoxy-.-mannose), and
i-fucose (i-Fuc; 6-deoxy-i-galactose) resembles r-galactose
(1-Gal). In addition, p-Man and 1-Fuc present the same three-
dimensional arrangement of hydroxyl groups at position C2,
C3 and C4 (Fig. 2B) displaying equivalent binding epitopes for
some lectins, i.e. glycan binding proteins. For this reason, the
C-type lectin DC-SIGN recognizes p-Man and r-Fuc as canoni-
cal binders but also binds their close analogs, p-Rha (6-deoxy-
p-mannose) and 1-Gal (6-hydroxyl-i-fucose).*®

Such rich three-dimensional information encoded within
each monosaccharide scaffold, combined with different glyco-
sidic linkages (a vs. ) and ring sizes (pyranose vs. furanose),
contributes to a unique structural diversity in glycans.?®
Moreover, polysaccharides that contain both »p- and
L-configurations are common in nature (Fig. 2C). For example,
t-iduronic acid (1-IdoA) is a key component in linear, anionic
glycosaminoglycans (GAGs), such as dermatan sulfate (in com-
bination with p-glucuronic acid (p-GlcA) and p-N-acetyl galacto-
samine (p-GalNAc)) or heparin (in combination with p-GlcA
and p-N-acetyl glucosamine (p-GlcNAc)). These polymers are
involved in a variety of important biological processes, includ-
ing cell proliferation and signaling, controlling coagulation,

This journal is © The Royal Society of Chemistry 2026
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(A) b-Man and p-Gal described as diasteroisomers of p-Glc. Chiral centers in p-Glc are marked with gray dots. Inversion of chiral center at C2

in p-Glc generates b-Man while inversion of the chiral center at C4 yields p-Gal. Mirroring the p-enantiomers (green) produces L-enantiomers
(purple) L-Man, L-Glc and L-Gal which possess close 3D-analogs, i.e. L-Rha (6-deoxy-L-mannose) and L-Fuc (6-deoxy-L-galactose). (B) Equivalent
binding-epitopes of b-Man, b-Rha (6-deoxy-b-mannose), L-Fuc and L-Gal (6-hydroxyl-L-fucose).®® (C) SNFG*® representation and chemical structure
of “pseudo” heterochiral natural polysaccharides. Illustrative SNFG>® representation of dermatan sulfate and chemical structure of disaccharide
repeating units. The disaccharide blocks are distributed heterogeneously within the polysaccharide forming domains of only L-iduronic acid
(L-1doA)-containing disaccharide blocks, alternating L-ldoA and p-glucuronic acid (p-GlcA) blocks, or exclusively blocks of p-GlcA.> Illustrative
SNFG>® representation of heparin and chemical structure of disaccharide repeating units. The disaccharide blocks are distributed heterogeneously
within the polysaccharide.*® Illustrative SNFG*® representation of alginate and chemical structure of the f-b-mannuronic (f-p-ManA) and a-L-guluro-
nic acid (a-L-GulA) residues. The distribution of monomer blocks within the polysaccharide depends on the source of the algae.** Illustrative SNFG*®

representation of agarose and chemical structure of disaccharide repeating unit.

and wound healing.*>***? Similarly, L-guluronic (1-GulA) and
p-mannuronic (p-ManA) acid build up the linear anionic poly-
saccharide alginate which is a major constituent in brown
algae cell walls and produced by some bacteria.** To date algi-
nate has found applications in biomedical science and tissue
engineering.*'"*> Agarose, unique for its self-gelling capabili-
ties, is another example of linear polysaccharide composed of
repeating p-Gal and 3,6-anhydro-i-galactopyranose.*> Such
“pseudo” heterochiral polysaccharides, containing both p- and
t-configurations, are utilized by nature to perform
function.>*™**> Nevertheless, only a few synthetic non-natural
heterochiral systems have been reported,*®™° which is surpris-
ing considering the abundance of heterochiral glycans in
nature.

To date, glycans chiral features have been mainly discussed
in the context of glycobiology, particularly as determinants of
glycan-protein interactions and immunological responses.’®
We argue that glycan chirality could offer an important design
tool to modulate secondary structures and assembly behavior

This journal is © The Royal Society of Chemistry 2026
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of carbohydrates, opening the way to tunable glycomaterials.
Heterochiral peptide sequences are frequently used to trigger
novel types of assemblies with interesting material properties.
In analogy, we speculate that heterochiral, or “pseudo” hetero-
chiral, glycan sequences could present untapped opportunities
for the design of synthetic carbohydrate-based materials.

Glycan chirality influences assembly chirality

In materials science, glycans have primarily been used to dec-
orate supramolecular systems tuning their self-assembly®'
or to generate glycoamphiphiles that form low molecular
weight gelators.”*”® In glycan-decorated systems, factors such
as the stereochemistry of the glycosidic linkage (o vs. p) or the
orientation of the hydroxyl groups determines the capability to
engage in directional non-covalent interactions, dramatically
affecting aggregation. Variation in these parameters can alter
the secondary structure, molecular packing, hierarchical
assembly, and morphology of the resulting supramolecular
structure.

Org. Biomol. Chem., 2026, 24, 155-1172 | 1157
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The impact of different glycan decorations on assembly has
been systematically documented in recent reviews, which we
highlight for a more detailed background.”>*>* Notable
examples include the decoration of benzene-1,3,5-tricarboxa-
mides (BTA) supramolecular monomers with epimers (e.g
p-Gle vs. p-Man) resulting in helical fibers with opposite hand-
edness (Fig. 3).>°

Similarly, the distinct packing modes observed in 4-nitro-
phenylmethoxycarbonyl (NPmoc) C2-functionalized with
epimers p-glucosamine (p-GlcN) and p-galactosamine (p-GalN)
resulted in different hydrogen bonding patterns, ultimately
yielding either columnar or spherical structures.’” These well-
defined synthetic models yielded important insights on the
stereochemistry-directed assembly of diastereoisomers,
emphasizing that glycans are versatile chiral building blocks
capable of creating materials through self-assembly.

In these examples, the assembly is primarily driven by the
non-carbohydrate portion of the molecule (i.e. aglycone), while
differences in the type of carbohydrate decoration determine
the chirality of the system. Most of these systems investigated
how the decoration with different diastereoisomers (e.g. p-Glec
vs. p-Man) led to different supramolecular outcomes. We
believe that a systematic analysis of chiral interactions between
glycans could expand the opportunities for carbohydrate
assembly. In this review, we will systematically discuss how
carbohydrate enantiomers (e.g. p-Glc vs. 1-Glc and “pseudo-
enantiomers”, e.g. p-Man vs. L-Rha) could be harnessed to tune
supramolecular interactions.

Assembly and co-assembly of
homochiral molecules
Assembly and co-assembly of homochiral peptides

In the past decades, synthetic chiral peptides have provided
critical insights into the stereochemistry-directed co-assembly
of opposite enantiomers, navigating the balance between con-
glomerate (self-sorting) and racemate (co-assembling)
formations.'?72%26:3%5870 1 some cases, self-sorting of short
B-sheet forming peptide sequences has been observed as a
result of preferred homochiral pairing, which allowed for
stronger non-covalent interactions compared to heterochiral
pairing.’® ®° In other instances, a stereocomplex was obtained
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Fig. 3 Chemical structures of BTA-p-mannose and BTA-p-glucose
which assemble into helical fibers with opposite handedness. Figure was
adapted from ref. 52, CC-BY 4.0 (https://creativecommons.org/licenses/

by/4.0/).
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due to preferential heterochiral pairing of enantiomers."?>%3°
In the following examples, we highlight the heterochiral co-
assembly of peptide enantiomers and the underlying driving
factors influencing their aggregation. While experimental
factors that dictate either kinetic or thermodynamic control
during assembly are important considerations, they will not be
the primary focus of this review.>! Instead, we will concentrate
on how heterochiral co-assembly enhances structural comple-
mentarity in the resulting supramolecular structures compared
to homochiral assembly.>*

Rippled B-sheets

To enhance complementarity within f-sheet structures, a
rippled architecture was first hypothesized by Pauling and
Corey in 1953.%" Their model suggested that equimolar mix-
tures of p- and r-peptides should assemble in alternated
fashion, leading to a more effective side chain distribution
across the sheet (Fig. 4A).°" Indeed, experimental results con-
firmed this hypothesis, showing the formation of rippled
B-sheets from aggregating mirror-image peptide strands.

Mirror-image complementarity also affected the mechanical
properties of peptide materials. For instance, MAX1, a
20-amino-acid peptide that folds into a p-hairpin, self-
assembled into a hydrogel composed of well-defined fibrils. Its
strands are based on alternating hydrophobic (valine, V) and
hydrophilic (lysine, K) residues and are connected with a
central four residue core sequence (V°PPT). The co-assembly
of equimolar amounts of 1-MAX1 and p-MAX1 lead to a fibril-
lar hydrogel exhibiting a 4-fold higher rigidity than the homo-
chiral hydrogels.'® The fibrils consisted of a peptide bilayer
forming hydrogen bonds along the long axis, with enantio-
mers arranged in an alternating manner, generating an
extended heterochiral rippled sheet. The alternation between
p- and r-enantiomers allowed for a staggered arrangement of
valine residues, leading to nested hydrophobic interactions
not possible in the homochiral hydrogel, thus responsible for
the increased rigidity."”

A similar observation was made during the co-assembly of an
amphipathic Ac-(FKFE),-NH, sequence. A fibrillar hydrogel com-
posed of a flat nanoribbon formed from the racemic mixture,
while single enantiomers assembled into helical fibrils. Both
types of hydrogels (i.e. heterochiral and homochiral) exhibited a
defined p-sheet secondary structure, but, akin to MAX1, the het-
erochiral co-assembly lead to a rippled sheet structure.”® The het-
erochiral hydrogels showed enhanced rigidity and proteolytic
stability compared to the homochiral hydrogel, readily degraded
by common proteases."

Recently, the first crystal structure of rippled p-sheets was
reported, advancing our understanding of how opposite enan-
tiomeric strands are organized within these strcutures.?'”>*?2°
In combination with theoretical calculation, this work indi-
cated that peptide strands tend to assembled in a supramole-
cular motif that maximizes backbone hydrogen bonding and
minimizes steric hindrance between side chains.”®

In the above examples, heterochiral co-assembly did not
change dramatically the overall morphology of the supramole-

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (A) Model comparison between pleated and rippled B-sheet. The pleated sheet is entirely composed of L-amino acids (green), forming
uniform zigzag arrangements (pleats, highlighted as gray planes) aligned along the hydrogen-bonding direction (yellow dots). The rippled sheet
contains alternating strands of L- (green) and p- (purple) amino acids with ripples (gray planes) running diagonal to the hydrogen bond network. This
arrangement leads to a more effective distribution of side chains (green and purple spheres) across the rippled sheet compared to the pleated
sheet.?® (B) Conventional Crick coiled-coil parameters shown for an axial view of a homochiral coiled-coil dimer (GCN4, PDB 2ZTA) and heterochiral
coiled-coil dimer (M2-TM 142A). Due to opposite helicity of enantiomers no supercoiling occurs in the heterochiral coil-coil dimer. As the pitch, P of
a coiled-coil super helix becomes larger, the angular frequency of the superhelix goes to zero (as P — oo, wg — 0).2° Part A was adapted from ref. 23,

CC BY-NC 3.0 (https://creativecommons.org/licenses/by-nc/3.0/). Part B was adapted from ref. 20, Copyright 2019, American Chemical Society.

cular structure; both heterochiral co-assembly and homochiral
assembly resulted in fibrillar hydrogels. In contrast, the het-
erochiral co-assembly of L- and p-KYFIL pentapeptides resulted
in a network of platelets, while a fibrillar hydrogel was
obtained from the homochiral assembly.’® The network of
platelets exhibited a lower stiffness, but increased proteolytic
stability, compared to the homochiral hydrogels. This unex-
pected behavior may be linked to the side chain arrangement
in the primary sequence. For instance, the KYFIL peptide
sequence contained stretches of four hydrophobic side chains
whereas the MAX1 peptides featured alternating hydrophobic
and hydrophilic residues.'® This difference might influence
the hydrophobic interactions governing supramolecular
assembly, leading to different material properties (stiffness)
and morphology (platelets instead of fibrils).

Helical coiled-coil complexes

Heterochiral interactions are also prominent in the co-assem-
bly of a-helix enantiomers, affecting the morphology of coiled-
coil peptide assemblies (Fig. 4B).>° Canonical homochiral
coiled-coils peptide motifs exhibit a seven amino acid repeat-
ing pattern (heptad) often labelled abcdefg. In this sequence,
positions a and d are hydrophobic residues whereas e and g
are ionic. This arrangement facilitates hydrophobic knob-into-
hole (KIH) and electrostatic interactions."* In contrast, hetero-
chiral coiled-coils preferers a 11-residue/hendecad motif (3,4,4
spacing). This preference arises because dimeric heterochiral
coiled-coil systems cannot undergo supercoiling due to the
opposite helicity of the enantiomers, which precludes any

This journal is © The Royal Society of Chemistry 2026

crossing angle other than 180°. In the hendecad motif, super-
coiling is not necessary to compensate for the drift in hydro-
phobic side chains of heptad sequence patterns.?®** Instead,
the hydrophobic side chains in the 3,4,4-spacing pattern (hen-
decad) are displayed nearly parallel to the helical axis, mitigat-
ing the need of supercoiling. As a result, a dimeric heterochiral
superhelix can be described as two parallel lines that have
phases of either 0 or n-radians.

Systematic studies showed that heterochiral complexes have
increased stability against enzymatic digestion compared to
their homochiral counterpart, as demonstrated for hetero-
chiral co-assembly of glutamic acid/lysine (E/K)-rich coils."*
Additionally, the heterochiral hendecad coiled-coils displayed
greater structural stability than their homochiral analogues.
These properties makes heterochiral coiled-coil systems highly
attractive for biotechnological applications, potentially over-
coming the limited in vivo lifetime of natural coiled-coils.**

Assembly and co-assembly of homochiral glycans

The co-assembly of peptide enantiomers has provided access
to new morphologies and materials with advantageous pro-
perties, such as increased stiffness and proteolytic stability.
Inspired by these findings in peptides, the assembly and co-
assembly of homochiral glycan samples were investigated.

The asymmetric nature of glycans ensured that homochiral
assembly of individual enantiomers led to mirroring supramo-
lecular structures, independently of functional group
modifications.****"®* For instance, glucose equipped stearoyl
esters readily assembled into left- (for p-GLc) and right-handed

Org. Biomol. Chem., 2026, 24, 155-1172 | 1159
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(for 1-Glc) cookie-shaped microparticles, sharing the same
thermal properties.®®

Mirroring supramolecular structures were also observed
upon self-assembly of benzyl substituted glucose disaccharides
DD and LL (Fig. 5A), forming micrometer long and nanometer
wide helical fibers with left- (DD) or right- (LL) handed
twists.®*

The combination of different techniques including optical
microscopy, NMR spectroscopy, and microcrystal electron
diffraction (microED) revealed the molecular organization
within the assembly (Fig. 5B and C). The fibers exhibited high
crystallinity with an orthorhombic unit cell (a = 5.2 A, b = 20 A,
¢ = 37 A) containing four DD molecules. The molecules
adopted an overall flat conformation and stacked along the a
axis with glucose ring planes oriented roughly in the bc plane
and aromatic rings in close proximity to each other. The inter-
actions between the aromatic rings were mostly CH-t type
edge-to-face interactions, whereas no face-to-face n-n inter-
actions occurred. The relatively low density of 1.06 g em™>
implied the presence of water molecules in the crystal lattice,
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which may be involved in hydrogen bonding between mole-
cules. Alongside the local molecular organization, microED-
analysis afforded structural insights into the supramolecular
organization. Sequential electron diffraction experiments
along the fiber axis dissected the twist origin. In all diffraction
patterns, the a*-axis was oriented along the fiber axis of the
crystal indicating that stacking of flat molecular sheets
occurred parallel to the fiber axis. The crystal therefore twisted
along the stacking direction with a half helical pitch twist
(180° rotation) of 5 um, which resembled a rotation of 0.02
degree per unit cell.

In contrast, the co-assembly of DD and LL enantiomers
(Fig. 5D) resulted in a different morphology lacking supramo-
lecular chirality. The flat platelets were analyzed by atomic
force microscopy (AFM), indicating a layer-bi-layer assembly
with sheets height varying from few hundred nanometers to
several micrometers. Each layer consisted of around 1.5 nm,
which correlated with the dimension of a single disaccharide,
suggesting that the enantiomers aligned laterally forming a
single layer, as observed for some peptide assemblies.'® These

e

37A

Fiber axis

5.2A

~1.5n0m fo‘r 1 Iave'r

Height (nm)

00 02 04 06 08 10
Offset (nm)

(A) Chemical structures of DD (green) and LL (purple) benzylated disaccharides and SEM images of their supramolecular assembly (scale bar:

10 pm). DD (green) and LL (purple) assemble into helical fibers with opposite chirality.®* (B) MicroED analysis of the assembled DD crystal with elec-
tron diffraction diagram obtained from the circled area. This allowed for a tentative molecular packing model of DD in the determined unit cell.5* (C)
Sequential electron diffraction experiment along the fiber axis with a schematic image of the molecular packing manner in the fibrillar DD crystal.®*
(D) Chemical structure of DD and LL and SEM-image of their supramolecular co-assembly (scale Bar: 10 pm). Co-assembly of the racemic mixture
DD + LL generates a flat sheet-like structure. AFM image and cross-sectional analysis indicated a layer-bi-layer assembly.®* Figure was adapted from

ref. 64, CC-BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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results demonstrated that tuning the supramolecular chirality
in carbohydrate systems through heterochiral co-assembly of
enantiomers can give rise to assemblies with new mor-
phologies and material properties, as commonly observed in
peptide systems.'®

A synthetic system to dissect cellulose chirality across scales

Well-defined glycan oligomers and their enantiomers were not
only utilized to tune morphology and mechanical properties,
but also to gain insights into the molecular basis of chirality
transfers across scales in natural glycans (Fig. 6).*°
Hexasaccharides representative of natural (D) and enantio-
meric (L) cellulose self-assembled in aqueous solution to give
thin platelets with thickness matching the length of a single
oligomer chain (Fig. 6B). The oligomers arranged antiparallel
to each other’s (Cellulose-II type) along the thickness direc-
tion, as confirmed by electron diffraction. Crystal growth along
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the hydrophobic [110] direction was faster than along the
hydrophilic [1-10] direction, resulting in elongated platelets.®®
While platelets itself exhibited no obvious chiral features (e.g.
a helical twist), upon drop casting, the platelets came together
into twisted bundles (Fig. 6C). A right-handed twist was
observed for D¢, whereas bundles of Lg showed a left-handed
twist. Thus, the bundles displayed an intrinsic chiral feature
which directly connected to the monosaccharide composition.
This behavior was also observed for synthetic chitin (oligomers
of N-acetyl glucosamine) nanocrystals.®”

The heterochiral co-assembly of Dg with Lg oligomers pro-
duced neither platelets nor bundles, suggesting that non-
covalent interactions between the two enantiomers inhibited
further assembly (Fig. 6D). A comparable phenomenon was
noted in amyloid-like p-sheet peptide sequences, where strong
co-aggregation between enantiomers prevented progression
toward higher-order structures.®® In this case, non-covalent
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Top view
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Crystalline

De+lg
Amorphous

Recastallization

DetLe

P

0 2 3
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(A) Chemical structures of Dg (green) and Le (purple) cellulose hexasaccharide oligomers. (B) Cryo-TEM images of self-assembled platelets

with no evident chiral features (scale bar: 200 nm) and 3D-model of a platelet composed of cellulose oligomers (Dg) arranged in antiparallel fashion
according to cellulose-II crystal structure.*® (C) TEM images of assembled bundles with opposite supramolecular chirality (scale bar: 500 nm). The
fan-like arrangement of the stacking was interpreted as a rotation between the (001) planes.*® (D) Chemical structure of racemic mixture Dg + Lg.
Powder XRD profiles for assembled Dg (crystalline) and co-assembled Dg + Lg (amorphous) showing no defined assembly. Recrystallization regener-
ated platelets as indicated by powder XRD (Dg + Lg?) and TEM (scale bar: 500 nm).*® Figure was adapted from ref. 46, CC-BY 4.0 (https://creative-
commons.org/licenses/by/4.0/).
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hydrophobic interactions between peptide enantiomers led to
the formation of globular aggregates instead of the helical
fibers characteristic of single enantiomers. Recrystallization of
Dg + Lg racemic mixtures via a solvent switch method (DMSO
to MeOH)*® ultimately allowed for the formation of crystalline
platelets, as indicated by X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). However, no further
aggregation into higher-order assemblies with chiral features
was observed. Thus, it appears that non-covalent interactions
governing enantiomer co-assembly are as critical for carbo-
hydrates as they are for peptides.

The role of chirality in cellulose aggregation was further
investigated using CO-tipped Scanning-Tunneling-Microscopy
(STM) imaging, a non-destructive imaging method capable of
resolving atomic-level molecular structures on surface
(Fig. 7).°° Separate deposition of Dg and Le on an Au(111)
surface using Electrospray Ion Beam Deposition (ESIBD)
resulted in mirroring assemblies (Fig. 7A). In contrast, when
the racemic mixture was deposited, the enantiomers self-
sorted to form chiral assemblies (conglomerates), highlighting
the enantiospecificity of chiral interactions between glucose
oligomer enantiomers (Fig. 7B).

This observation contrasted with the results from the co-
assembly of the same oligomers in aqueous solution. If self-
sorting had occurred in solution, one would expect the for-
mation of platelets that subsequently organize into bundles
with right- (Ds) or left- (Ls) handed twists. Instead, the for-
mation of amorphous material lacking chiral features indi-
cated that interactions between enantiomers hindered
extended homochiral organization. Chiral interactions might

View Article Online
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therefore differ between 2D and 3D-assembly, influencing the
formation of higher-order structures.'? Self-sorting during het-
erochiral co-assembly has been observed for short peptide
sequences as well, both upon deposition on surface and in
solution.>3%7°

Heterochiral co-assembly of cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides capable of
binding guest molecules within their hydrophobic cavity in
aqueous solution. These feature makes CDs attractive com-
pounds in host-guest and supramolecular chemistry. Their
inherent chirality paired with C,-symmetry made cyclodextrins
popular for chiral recognition, for separation technologies, as
catalysts in chemical reactions, and as building blocks for the
creation of chiral materials.®® In the past decades, CDs aggre-
gation was extensively studied in solid-state.®>”* "7

While naturally occurring CDs offer only one set of enantio-
mers (i.e. p-Glc), chemical synthesis enriched the CD toolkit
with the mirror image r-a-,f-,y-cyclodextrins.®® Solid-state X-ray
structure determination and Induced Electronic Circular
Dichroism (IECD) spectroscopy, using host-guest complexes
formed from complexation of an achiral guests (i.e. methyl-
orange), confirmed the opposite chirality of p- and 1-CDs. The
availability of both r- and p-CDs prompted investigations into
the behavior of p-CD racemic mixtures in the solid-state
(Fig. 8).

Racemate containing equimolar amounts of both enantio-
mers packed into the centrosymmetric space group C2/c.
Further assembly along the ¢ axis was governed by a discrete
stack of alternated DDLL pattern, in which the enantiomeric

Enantiospecific interactions of oligoglucoside enantiomers during 2D-assembly
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(A) Chemical structures of Dg (green) and Lg (purple). STM imaging of enantiospecific interaction of oligoglucoside enantiomers on Au(111)

surface. Dg assembles with a +75° tilt along the assembly propagation axis whereas Lg assembles with a —75° tilt.*® (B) When both Dg and Lg were
present on surface the enantiomers self-sorted producing conglomerates, i.e. domains that exclusively contain Dg or Lg due to preferential b—p and
L—L interactions.®® Figure was adapted from ref. 69, CC-BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Fig. 8 Solid-state structure of p-CD racemic mixture as stick represen-
tations. Carbon atoms are shown in green ($-b-CD) and purple (-.-CD).
Oxygen atoms are in shown in red, hydrogen atoms and solvent mole-
cules have been omitted for clarity.®® (A) Solid-state supramolecular
structure viewed along the a axis. $-p-CD and B-L.-CD self-sort into
layered assemblies with two adjacent layers composed of the same
enantiomers.®® (B) Supramolecular structure viewed along the c axis.
The molecular packing produces open channels associated with $-b and
p-L-CDs.5° (C) Side-on view of a discrete stack of p-b-CD and p-L-CD
showing an alternating DDLL pattern. Within the enantiomeric pairs, the
two CD-molecules align in a head-to-head manner.®® Figure was
adapted from ref. 65 Copyright 2024, The Authors (s), under exclusive
license to Springer Nature Limited.

pairs CD molecules were aligned in a head-to-head manner.
This organization allowed for favorable hydrogen bonding
interactions between the two secondary faces of CDs with iden-
tical chirality. Along the a axis, self-sorted assemblies com-
posed of same enantiomers were formed. The stacking of CDs
along the ¢ axis lead to open channels, with the p-L interface
held together via a hydrogen bond network mediated by mul-
tiple H,O molecules. This solid-state structural analysis of
racemic f-CD demonstrated that chiral interactions govern the
assembly of cyclic oligosaccharides, suggesting opportunities
for the creation of supramolecular materials with tailored net-
works and patterns.”*7®

Racemic crystallization

The preferential interaction of racemic molecules was not only
beneficial for generating new assemblies, but also for struc-
tural analysis via X-ray crystallography. In general, obtaining
an X-ray crystal structure from a single enantiomer of complex
molecules, such as proteins, presents challenges due to the
difficulty of achieving: (i) a highly ordered protein crystal and
(ii) the phase information necessary to solve its structure.
Access to the unnatural p-proteins enabled the analysis of
racemic mixtures, which facilitated crystallization (as predicted
by Wukovitz and Yeates in 1995)”” and simplified the phase
problem (as postulated by Mackay in 1989).”%

This journal is © The Royal Society of Chemistry 2026
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Protein racemic mixtures can crystallize in centrosymmetric
space groups, such as P1, which restricts all possible phases to
0 or 180° degrees. In contrast, single enantiomers cannot form
centrosymmetric crystals and can only crystallize in chiral
space groups, allowing phases to take on any values from 0 to
360°. For a more detailed background on protein crystallogra-
phy we recommend the detailed review by Yeates and Kent.””

Racemic crystallization has enabled structure elucidation of
various difficult-to-crystallize proteins.*® This approach can
also be applied to enantiomorphs, which are near mirror-
image molecules, but not true enantiomers. This principle is
commonly referred to as quasi-racemic crystallization, and
offered a powerful tool for elucidating the structures of series
of L-protein analogues that exhibit small structural differences,
utilizing a single p-protein.*°

Quasi-racemic crystallization was employed to obtain the
crystal structure of the glycosylated chemokine r-Ser-CCL1
with a non-glycosylated »-Ser-CCL1 protein (Fig. 9).%°
Glycosylation, one of the most frequent post-translational
modification, plays a crucial role in the folding and function
of proteins. However, structural determination of glycoproteins
is particularly challenging due to their inherent structural
complexity, heterogenicity and flexibility of the conjugated
glycan moieties, which can hinder crystallization.®"

While crystals were not obtained from the glycosylated
L-Ser-CCL1, they readily formed through equimolar crystalliza-
tion with the non-glycosylated p-Ser-CCL1. With crystals in
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Fig. 9 Quasi racemic crystallography of glycosylated L-Ser-CCL1 and p-
Ser-CCL1. (A) Amino acid sequence of chemokine Ser-CCL1 and chemi-
cal structure of N-linked glycan attached at residue Asn?°.8° (B) Unit cell
of the quasi-racemate in space group Pl with protein molecules in
ribbon representation.®° (C) Ribbon representation of glycosylated L-Se-
CCL1 (purple) and non-glycosylated p-Ser-CCL1 (green). The inset
shows 2 F, — F. electron density map of the glycosylated Asn?°-Ser®!
consensus sequence (contoured at a o level of 1.0).8° Figure was
adapted from ref. 80. Copyright 2014, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Org. Biomol. Chem., 2026, 24, 155-1172 | 1163


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob01778e

Open Access Article. Published on 12 January 2026. Downloaded on 5/8/2026 1:51:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

hand, the structure was solved via X-ray diffraction at a resolu-
tion of 2.6-2.1 A, revealing a space group P1 forming a pseudo-
centrosymmetrical arrangement and with all structural fea-
tures of Ser-CCL1 identified. The interactions between glycosy-
lated r-protein and non-glycosylated p-protein were similar to
those observed in the previously resolved racemic X-ray crystal
structure of non-glycosylated r- and p-protein, suggesting that,
in this particular example, glycosylation did not affect the
structure of the protein.® In this experiment, the complete
conformation of the glycan was not fully resolved due to its
flexibility. The authors hypothesized that racemic crystalliza-
tion of the natural p-glycan-i-protein and the unnatural
L-glycan-p-protein might facilitate a comprehensive structure
determination of the glycoprotein.

While racemic crystallization has achieved substantial
success in the structural analysis of peptides and proteins, it
has yet to be effectively applied to glycans. Studies on simple
racemic mixtures of monosaccharides demonstrated the for-
mation of stable racemic crystals.®” However, progress in this
area has likely been prevented by several bottlenecks. Glycan
synthesis is complex and time-consuming, especially when
involving non-natural enantiomers. Automated synthetic plat-
forms are not as available as those for peptide synthesis.
Furthermore, glycan crystallography is less developed com-
pared to protein crystallography. The intrinsic flexibility of
certain glycans complicates their crystallization. Moreover, the
radiation sensitivity of glycans, along with a limited under-
standing of their crystallization processes, has often hindered
in-depth investigations of carbohydrates through crystallo-
graphic methods.*?

Nevertheless, significant practical knowledge has been
accumulated over the past decades, improving the structural
analysis of glycans.®®> As demonstrated in the previous section,
preferential interactions between enantiomeric glycans are
indeed possible. With the advent of new synthetic platforms
that standardize the synthesis of complex non-natural
glycans,®®> we speculate that racemic crystallization could
emerge as an attractive technique for enhancing our under-
standing of glycan structures.

Assembly of heterochiral molecules
Assembly of heterochiral peptides

The construction of higher-order structures is highly depen-
dent on the availability and directionality of non-covalent
interactions. As discussed in the previous chapter, well-
defined chiral synthetic peptide model systems have provided
valuable insights into the stereochemistry-directed co-assem-
bly of enantiomers, underscoring the importance of geometric
complementarity.'**?¢3%5%5 pundamentally, the self-sorting
or co-assembling of peptide strands is driven by the need to
maximize backbone hydrogen bonding while minimizing
steric hindrance between side chains.?® Opposite chirality can
enhance steric complementarity between sequences, thereby
affecting the directionality of non-covalent interactions that
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govern self-assembly. For example, the co-assembly of oppos-
ing peptide enantiomers promoted the formation of a rippled
B-sheet structure due to the alternating packing of these enan-
tiomers. This structural motif resembles a conventional
pleated p-sheet structure, as both are stabilized through either
parallel or antiparallel backbone hydrogen bonding. However,
in the rippled structure, the side chains of neighboring
strands align in a staggered arrangement, leading to the for-
mation of morphologically flat fibril-like assemblies instead of
left- or right-handed helical fibrils.">'***?® This configuration
provides additional stability to the motif through minimized
steric hindrance between side chains and favorable hydro-
phobic interactions.>¢4:2¢

An alternative approach to modulate these interactions is to
incorporate both enantiomers into the same primary
sequence.**?7?%85°92 Thig strategy allows for the tuning of
steric complementarity and non-covalent interactions, thereby
enabling better control over the assembly process.

The impact of block chirality on peptide self-assembly was
investigated on the extensively studied amphiphatic Ac-
(FKFE),-NH, peptide (Fig. 10A).”” As previously mentioned, the
co-assembly of amphiphatic 1- and p-Ac-(KEFE),-NH, peptides
triggered the formation of a rippled B-sheet further aggregating
into a fibrillar hydrogel with enhanced material properties.'*"
Substituting the FKFE block by its p-enantiomer gave the het-
erochiral analogues Ac-FKFEfkfe-NH, (LD) and Ac-
fkfeFKFE-NH, (DL). TEM indicated that, upon heterochiral
assembly, both peptides assembled into supramolecular
helices with average width and pitch values of ~108 + 55 nm
(width), ~900-1200 nm (pitch). This morphology starkly con-
trasted with the observed helical fibrils formed upon homo-
chiral assembly (LL: 8.1 + 0.3 nm width, ~#19 nm pitch; DD:
~7.9 + 0.3 nm width), or the flat nanoribbons formed during
the heterochiral co-assembly of homochiral peptides (LL +
DD:~3.0 = 0.4 nm width).">?” The resulting hydrogels exhibi-
ted distinct rheological properties associated with their mor-
phological differences at both the molecular and supramolecu-
lar levels.

Spectroscopic and scattering measurements (CD, FT-IR,
SAXS and WAXS), combined with theoretical simulations (MD),
suggested that the heterochiral peptide strands formed a mono-
layer of B-sheets stabilized by antiparallel hydrogen bonding. In
contrast, the homochiral peptide strands formed a putative
bilayer of antiparallel f-sheets, due to the nonpolar phenyl-
alanine side chains that defined a hydrophobic surface.’® The
two enantiomeric blocks within the heterochiral peptide caused
a structural rearrangement of the peptide backbone and the
side chains, causing a different assembly behavior compared to
homochiral sequences.”” The influence of block chirality was
further investigated increasing the sequence length from 8 to 12
amino acids of (Ac-(FKFE),-NH,).*

Similarly, the self- and co-assembly behavior of aromatic
FFFK (F3;K) peptides, including F;K (LL), f;k (DD), Fsk (LD),
f;K (DL), provided valuable insights on the interplay of aro-
matic m-n-stacking and steric complementarity.”*°' Overall,

these examples confirmed that patterns of 1- and
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Fig. 10 (A) Top: Stick representation of homochiral Ac-(FKFEFKFE)-NH, peptide (capital letter indicates L-configuration). Self-assembled helical
fibrils composed of a bilayer of antiparallel p-sheets. Bottom: Stick representation of heterochiral Ac-(FKFEfkfe)-NH, peptide (capital letter indicates
L-configuration; lowercase letter indicates p-configuration). Self-assembled helical tapes composed of a monolayer of antiparallel p-sheets.
Negative-stain TEM images of self-assembled peptides Ac-(FKFEFKFE)-NH, and Ac-(FKFEfkfe)-NH, at 0.25 mM in water (scale bar: 250 nm).?’ (B)
Stick representation of heterochiral Ac-(LILIK)-NH, peptide (capital letter indicates L-configuration; lowercase letter indicates b-configuration). Self-
assembled nanotubes composed of a monolayer of a-sheets. Cryo-TEM images of assembled Ac-(LILIK)-NH, (scale bar: 200 nm).2® (C) Relationship
between conformation of a p-pleated strand and that of a B-helix.>® Top to bottom: (1) homochiral idealized pleated conformation with & = —120°
and ¥ = 120° viewed parallel to the plane of the backbone.®® (2) Inversion of chirality of the marked purple residue from L to p. Inverting chirality of a
single amino acid in a pleated strand causes a change of local geometry (@ = 120° and ¥ = —120°) introducing a kink in the peptide backbone.®® (3)
Continuing this process every second residue causes a continuous bend, introducing a pleated helical conformation.®* (4) Stick and ribbon represen-
tation of solid-state NMR-derived single-stranded helical conformation of gramicidin A (HCO-Val-Gly-Ala-leu-Ala-val-Val-Val-Trp-leu-Trp-leu-Trp-
leu-Trp-NHCH,CH,OH) in hydrated lipid bilayers, stabilized through p-sheet type hydrogen bonding. b-Amino acids are colored purple, L-amino
acids green (PDB 1MAG).%* (D) Chemical structure of cyclic peptide CP, (capital letter and green color indicates L-configuration; lowercase letter and
purple color indicates p-configuration). Self-assembled amphiphilic nanotubes that further undergo 2D-assembly into nanosheets composed of
nanotube bilayers with hydrophobic cores, held together by Leu zippers (yellow) and Trp stacks (gray). Polar residues on are placed on the surface.?®
Part A was adapted from ref. 27. This is an unofficial adaptation of an article that appeared in an ACS publication. ACS has not endorsed the content
of this adaptation or the context of its use. Copyright 2020, American Chemical Society.?” Part B was adapted from ref. 28. Copyright 2022,
American Chemical Society.?® Part D was adapted from ref. 29. Copyright 2020, American Chemical Society.?®

p-enantiomers into peptide primary sequences gave rise to
unique intermolecular interactions that direct assembly
towards novel higher-order structures.

Heterochiral peptides to access unusual secondary structures

The strategic positioning of p- and r-amino acids within a
peptide sequence has enabled the formation of unusual sec-
ondary structures, such as m-helices and o-pleated sheets.
These structures are less stable compared to conventional sec-
ondary structures (e.g:, p-pleated sheets and a-helices), making
them much rarer in native proteins and peptides. They are
often regarded as transient conformations that occur during
the folding processes of proteins and peptides.>®

The a-pleated sheet was first predicted by Pauling and
Corey, showing that, similar to p-sheets, this secondary struc-

This journal is © The Royal Society of Chemistry 2026

ture is stabilized by regular hydrogen bonding between adja-
cent strands in the “o-extended chain” conformation.’® In this
arrangement, each residue is defined as locally helical in the
right-handed (ag) and left-handed regions (ai); however, the
alternation causes the formation of an extended chain.®

To facilitate the formation of a-pleated sheet secondary
structures, the alternation of 1- and p-amino acids within a
single sequence has been explored.””®® Two engineered het-
erochiral amphiphilic peptide sequences Ac-LILIK-NH,, and Ac-
ILILk-NH, organized into an a-pleated sheet secondary struc-
ture that served as a foundation for helical ribbons and nano-
tubes, with widths of 150-200 nm and a monolayer thickness
of 2.1 nm (Fig. 10B).”® When compared to homochiral analogs
(Ac-LLLLK-NH,), the heterochiral pentapeptides exhibited a
greater degree of molecular ordering within their supramole-
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cular  structures, attributable to enhanced  steric
complementarity.

Linear peptides composed of alternating p- and r-amino
acids were also utilized to access f-helical conformations. In
this arrangement, helix stabilization occurs through regular
hydrogen bonding between adjacent strands, resembling the
pleated p-sheet secondary structure (Fig. 10C). In an idealized
homochiral pleated p-strand, the main chain dihedral angles
between adjacent amino acids result in a sinusoidal backbone
geometry that positions a-carbons alternately above and below
the backbone plane. Since enantiomers exhibit opposite but
equivalent conformational properties, inverting the chirality of
a single amino acid in a pleated strand causes a change of
local geometry, introducing a bend in the peptide backbone.
Thus, the p-enantiomer reinforces the bending direction of the
adjacent r-enantiomers. Continuing this process for every
second residue causes a continuous bend, generating the
pleated helical conformation, stabilized through p-sheet-type
hydrogen bonding. In this arrangement, the side chains
radiate toward the outside, minimizing unfavorable steric
interactions. Thus, the helix displays a screw symmetry axis
with a dipeptide containing both enantiomers as repeating
unit.”® This design has facilitated the creation of transmem-
brane pores, with hydrophilic interior acting as a cation
channel and hydrophobic side chains helping to anchor the
channel in the lipid membrane.®°%*

Heterochiral cyclic peptides

Cyclic peptide sequences with an even number of alternating
p- and r-amino acids effectively stack through f-type inter-
molecular hydrogen bonding.'”® The resulting cylindrical
supramolecular structure is conceptually related to the p-helix,
but allows for higher control and predictability in assembly.
Furthermore, the hollow tubular structure exhibits a constant
cavity diameter that can be readily tuned with the size of the
peptide ring.”

Cyclic peptide nanotubes were created from the assembly of
the octapeptide cyclo[-(ala-Glu-ala-Gln),], exploiting the ioniza-
tion state of glutamic acid side chains to trigger self-assembly
in aqueous solution. Under basic conditions, the negatively
charged carboxylate groups resulted in strong intermolecular
electrostatic repulsion, which inhibited stacking and thus
maintained solubility. Controlled acidification decreased this
repulsion, facilitating ordered self-assembly into nanotubes.’>

Hierarchical 1D-to-2D self-assembly was achieved by encod-
ing hydrophilic (Glu-his-GIn-his-Glu) and hydrophobic (leu-
Trp-leu) domains within the cyclic octapeptide CP,
(Fig. 10D).?° Upon annealing, the cyclic CP, stacked via paral-
lel B-sheet type hydrogen bonding and n-=n stacking (between
tryptophan units) to give amphiphilic nanotubes (1D). The
subsequent assembly process towards defined 2D-nanosheets
was the result of attractive (H-bonds, hydrophobic interactions)
and repulsive (electrostatic) forces modulated by the presence
of glutamic acids.

Self-assembled cyclic peptide nanotubes and their higher
order assemblies have shown potential in various fields includ-

166 | Org. Biomol. Chem., 2026, 24, 155-1172

View Article Online

Organic & Biomolecular Chemistry

ing size-selective ion channels, molecular switches, tubular
composites, antibiotics, charge transport systems, and drug
delivery systems.>’

Assembly of heterochiral glycans

In analogy to peptides, modulating the pattern of - and
p-monosaccharides within a glycan sequence offers an impor-
tant design mode to direct assembly.*®™°

As discussed in the previous chapter, hexasaccharides
representative of natural (D) and enantiomeric (L) cellulose
self-assembled in aqueous solution to give 2D-like crystalline
platelets. These platelets further stacked via the (001) surface
into helical bundles with a right- (Dg) and left- (Ls) handed
twist. Since the individual platelet did not display evident
chiral features, these results suggested that the chirality of the
monosaccharide exposed on the (001) surface determined the
direction of the supramolecular twist. To verify this hypothesis,
well-defined heterochiral sequences with different chiral pat-
terns were prepared. Five oligomers were synthesized to selec-
tively modulate the chirality at the termini of each sequence
and investigate the determinants of chirality across scales.*®
Two groups of compounds were designed based on the known
antiparallel arrangement of oligosaccharide sequences within
the crystals. Group 1 (LD6, L,D,, L3;D3) displayed alternating o-
and 1-Glc residues at the (001) surface, while Group 2 (LDsL
and LDgL) displayed only r-Glc residues at the (001) surface,
preserving the crystal core composed of p-Gle units.

LDs preserved the cellulose II type of assembly, yielding
thin crystalline platelets further ordering into bundles.
However, the introduction of r-Glc resulted in lower twisting
tendency and no clear handedness (Fig. 11A). With increasing
number of -Glc units, such as in L,Dy4, L3D;, crystallinity was
lost and solubility drastically increased. When 1-Glc was posi-
tioned at both termini of the oligosaccharide sequence, such
as in LD;L and LDgL (Group 2), crystalline platelets further
aggregating into bundles were detected (Fig. 11B). As observed
for LDg, the bundles exhibited attenuated chiral features and,
in some cases, left-handed handedness. These experiments
demonstrated that perturbing the molecular nature of the
(001) surface of cellulose II platelets drastically affects the
assembly behavior, weakening the twisting tendency. However,
bundles of LDgL-platelets (displaying only 1-Glc on their
surface) did not display complete inversion of chirality, indi-
cating that the core sequence also contributes to the overall
supramolecular twist.

To further examine the self-assembly behavior of hetero-
chiral cellulose-like sequences, a single 1-Gle residue was
placed within a p-Glc oligomer (D3;LD,). This modification trig-
gered the assembly into square-like platelets based on the rare
cellulose 1Vy; allomorph (Fig. 11D).*”'°* The electron diffrac-
tion-pattern of D;LD, confirmed the antiparallel arrangement
of oligosaccharides and larger intermolecular spacing com-
pared to the most common cellulose II allomorph. A higher
resolution, approaching 1 A, surpassed previous electron diffr-
action patterns obtained from natural cellulose IVy; crystals,
indicating improved crystalline ordering of molecules resulting

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 (A) Chemical structure of LDg (D-Glc in green, L-Glc in purple). Simplified model of LDg platelets arranged in antiparallel fashion according

to the cellulose-Il type of packing and top view of the (001) face. TEM images of LD6 bundles (aqueous suspension) showing a left-handed twisted
morphology (red arrows, scale bars 500 nm).*® (B) Simplified model of LDgL platelets arranged in antiparallel fashion according to the cellulose-II
type of packing and top view of the (001) face. TEM images of LDgL bundles (MeOH suspension) showing a twisted morphology (red arrows, scale
bars 500 nm).*¢ (C) Chemical structure of Dg. Schematic representation of a 2D-crystal composed of Dg showing the cellulose Il type of alignment
within the crystal. Cryo-TEM analysis of Dg assemblies (scale bar: 200 nm).*” (D) Chemical structure of DsLD,4. Schematic representation of a 3D
crystal composed of DzLD,4 and the cellulose IV, type of alignment within the crystal. SEM and TEM analysis of DzLD4 assemblies (scale bar: 500 nm,
1 pm).*” Part A, B and C was adapted from ref. 46 CC-BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part C and D was adapted from ref. 47,

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

from the insertion of 1-Gle.”” The crystallinity was further

enhanced upon enzyme triggered assembly of the same hetero-
chiral sequence, achieving resolutions beyond 1 A.*°® These
results suggest that engineered heterochiral glycan sequences
could lead to the formation of rare structures, similar to what
observed for peptides. This approach opens new avenues for the
structural investigation of lesser-known cellulose allomorphs
and, more broadly, glycan structures at atomic resolution.

The on surface self-assembly behavior of the heterochiral
cellulose sequences was also investigated using CO-tipped
Scanning-Tunneling-microscopy (STM)-Imaging.®® On surface,
conglomerate formation was observed for the racemic mixture
of D¢ and Lg indicating enantiospecific interactions between
glucose enantiomers on surface (Fig. 7). These highly enantios-
pecific p-p and -1 interactions were also detected upon depo-
sition of the heterochiral L,D4-sequence (Fig. 12). Two sets of
glucose subunits were identified within the assembly: the
1-Gle domains preferentially bound to 1-Glc subunits of neigh-
boring molecules, while the p-Glc domains exhibited a similar
preference for p-Gle subunits. This specific interaction, not

This journal is © The Royal Society of Chemistry 2026

observed in solution phase, led to the formation of patterned
chiral surfaces and could inspire the generation of well-
defined chiral surfaces.

Overall, the discussed examples of assemblies of well-
defined heterochiral glycan sequences suggest that, similar to
peptides, a careful combination of p- and r-monosaccharides
serves as a valuable design tool for accessing glycan materials
with intriguing and unusual morphologies.

Heterochiral cyclic glycans

Similar to peptides, the alternation of p- and r-residues facili-
tates the generation of cyclic structures. Heterochiral cyclic oli-
gomers composed of alternating p- and r-monosaccharides
have been utilized to craft cyclodextrin analogues which effec-
tively stack forming nanotubes with potential applications in
host-guest chemistry.**>° This motif closely resembles the
nanotubes formed by cyclic peptide systems composed of
alternating 1- and p-amino acids. A polycondensation/cycliza-
tion approach using disaccharide precursors enabled the syn-
thesis of a range of highly symmetric a-1,4-linked cyclic oligo-
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Fig. 12 Chemical structure of L,D4 (p-Glc in green, L-Glc in purple).
STM imaging of enantiospecific interactions of glucose enantiomers on
Au(111) surface. The preferential b—p (green) and L-L (purple) inter-
actions was observed for heterochiral sequences.®® Figure was adapted
from ref. 69, CC-BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

saccharides composed of alternating units of t-Rha and p-Man
(rM), - and p-Rha (rR) and 1- and p-Man (mM). NMR spec-
troscopy confirmed the formation of highly symmetric macro-
cycles with identical faces.

A B

OH OH OH OH
HO HO.
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D-Mannose (M)

Ey

Eod

FSa s

Fig. 13 (A) Chemical structure of b-Rha and L-Rha. Solid-state structure
of C,-symmetric cyclic octasaccharide rR in stick representation (CCDC
1221815). Solid-state supramolecular structure viewed along the b axis.
Cyclic octasaccharide rR order in a near close-packed hexagonal array.
Interstack hydrogen bonds are omitted. The yellow and red cross
symbols show the respective polarities of the stacks. Molecules order
head-to-tail within the stacks.>° (B) Chemical structure of p-Man and
L-Man. Solid-state structure of C;-symmetric cyclic hexasaccharide mM
(CCDC 1221816). Solid-state supramolecular structure of cyclic hexasac-
charide mM. Molecules pack parquet-like. Intra- and intermolecular
hydrogen bonds are omitted.>°
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X-ray crystallographic analysis of alternated rR-octasacchar-
ide revealed a C,-symmetric macrocycle in solid state, depart-
ing from ideal Sg symmetry (Fig. 13A). No intramolecular
hydrogen bonding was found, a feature known to stabilize the
toroidal conformation in natural CDs. The absence of a mole-
cular rotation-reflection symmetry (S,) and the slight folding
of the macrocycle plane resulted in two diastereotopic faces.
Consequently, the molecules ordered in a head-to-tail manner,
forming discrete stacks. In contrast to cyclic peptide nano-
tubes, no intermolecular hydrogen bonding within the stacks
was observed; instead, adjacent stacks were stabilized by
hydrogen bonds. Each stack of molecules formed large open
channels.>

Such hollow tubular structures were also observed for the
alternated rR-decasaccharide and rM-octasaccharide. In con-
trast, the mM-hexasaccharide macrocycle crystallized into an
interlocked parquet-like pattern, forming no channels
(Fig. 13B). The system was stabilized through intramolecular
and intermolecular hydrogen bonding.’® These findings
demonstrate that the assembly behavior of cyclic heterochiral
oligosaccharides is highly dependent on monosaccharide com-
position. Manipulating the macrocycle composition could lead
to the development of useful glycan-based supramolecular
architectures.

Conclusions and outlook

The strategic combination of p- and r-amino acids - whether
incorporated within the same peptide sequence or organized
as co-assemblies of homochiral peptides — allowed access to
unusual architectures, difficult to achieve with homochiral
sequences. These structures exhibit intriguing properties,
including enhanced stability in biological environments and
superior mechanical performances.

The few examples of chiral carbohydrate assemblies formed
by the integration of p- and L-monosaccharides described here
indicate a similar potential for crafting glycan-based program-
mable supramolecular structures.*®%°*% We argue that this
approach could reveal many more exciting opportunities,
especially as new sequence designs come into play. Still, the
systematic exploitation of chirality in glycan material develop-
ment remains largely untapped, likely due to the complexity of
glycan synthesis and structural analysis. Recent advancements
in automated glycan synthesis®®® and controlled polymeriz-
ation techniques'®® are enabling access to a broader variety of
glycans than ever before. Relatively long sequences (up to 1000
units)'”'°® can now be accessed routinely, maintaining a full
control over the primary sequence and allowing of rare and
non-canonical monosaccharide units. Currently, most
examples of heterochiral glycan sequences and assemblies are
based on combinations of p- and r-Glc. While access to non-
natural enantiomers, like 1-Glc, is usually associated with
larger financial costs, a few synthetic methods exist for the syn-
thesis of 1-Glc and progress in this area remains crucial for
larger scale usage.'®''° The systematic screening of glycan
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sequences based on other monosaccharides and their enantio-
mers could dramatically expand the geometrical diversity of
glycan architectures. In this context, rare non-natural enantio-
mers like 1-Man or 1-Gal could be replaced with structurally
similar, naturally occurring enantiomers such as r-Rha or
t-Fuc to create innovative frameworks and reduce costs.

Analytical techniques - including scanning tunneling
microscopy (STM),*® non-contact atomic force microscopy (nc-
AFM),"" and cryo-electron microscopy (cryo-EM)®* - are emer-
ging, enabling deeper insights into structural details of glycan
assemblies.

The creation of tunable chiral glycans could open up
numerous opportunities. For example, glycan chirality could be
exploited for chiral recognition. Recently, - and 1-Glc were effec-
tively utilized as chiral selectors in high-performance liquid
chromatography (HPLC), inverting the elution order of chiral
substrates."'* New heterochiral polymers could be engineered as
matrices for separation technologies. Naturally occurring CDs
and their derivatives are highly versatile compounds that found
applications in host-guest and supramolecular chemistry, for-
mulation and catalysis.”*7®'**11% The recent synthesis of r-o,f
and y-cyclodextrins allow access to systems with opposite chiral-
ity;%® heterochiral CD analogues, made from both p- and
t-monosaccharides with varying lengths and geometries, could
significantly broaden these portfolios, expanding options for
stereoselective binding and encapsulation.

Heterochiral polysaccharides (e.g. GAGs or alginates) are
involved in a variety of biological processes. However, the syn-
thesis of well-defined, naturally occurring heterochiral polysac-
charides remains complex."”® Heterochiral sequences that
mimic some structural features of these natural glycans could
inspire a new class of biopolymers that could complement
existing natural examples.

Beyond material design, the preferential interaction
between enantiomers may be exploited to expand our under-
standing of glycan structures. Racemic crystallization has
obtained considerable success in elucidating the structure of
difficult-to-crystallize peptides and proteins. A similar tech-
nique could reveal details of glycans secondary structure and
aggregation, paving the way for further discoveries in the
glycoscience.
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