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Introduction

Supramolecular self-assembly allows the bottom-up fabrication
of nanomaterials with high molecular order, both in packing
geometry and surface topology." By rational design of self-
assembling monomers, it is possible to control their sponta-
neous organisation into different nanostructures such as
nanospheres,>* one-dimensional (1D) nanotubes®” and
nanofibers,*** two-dimensional (2D) nanosheets,”*™ to
complex three-dimensional (3D) lattices.”* The greater the
structural complexity of these nanomaterials, the bigger the
challenge of incorporating the required supramolecular motifs
in the correct orientations. The addition of more dimensions of
supramolecular propagation (1D < 2D < 3D) increases the
complexity of monomer design, demanding additional non-
covalent forces (e.g. electrostatics, hydrophobic effects and
hydrogen bonds) that can bind complementarily without
interference. These supramolecular contacts must be precisely
positioned around the monomer's structure to control the
direction of propagation.”* For these reasons, the rational
design of monomers capable of undergoing sequential self-
assembly across multiple dimensions is evidently challenging.
Furthermore, the development of supramolecular systems that
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composed of ordered nanotube layers. The uniformity of the nanosheet aspect ratio and thickness is
consistent with the high packing order of the monomers observed in this 3D assembly.

can precisely control the final size and 3D aspect ratio of the
resulting nanostructure - such as biological components -
remains elusive, particularly without the use of templates to
limit their size.

In the pursuit of biocompatible supramolecular systems,
peptides provide the necessary backbone rigidity and chemical
versatility in their side chains to create self-assembling mono-
mers with geometric control.”>>* The adoption of secondary
structures by peptides, like a-helices or B-sheets,” can be
exploited to arrange amino acid side chains on their surface
with specific orientations, thereby controlling self-assembly.>*>*
For instance, a-helical motifs can be assembled into spheres,***
tetrahedra,* fibres®*' and nanosheets,**** while B-sheet domains
can also direct 1D***® and 2D**® self-assembly.** Additionally,
reactive peptides can produce dynamic assemblies where
structure and function can be controlled by physical and
chemical stimuli through monomer conversion.*>*" However,
the rational design of peptides that undergo ordered elongation
in the three dimensions of space remains challenging, with
reported examples mostly focused on peptide foldamer
assemblies*” and peptide crystals.>**

Cyclic sequences of alternating p/L amino acids can adopt
flat macrocyclic conformations to enable backbone stacking via
H-bonds to form 1D nanotubes (Fig. 1).*** During controlled
stacking, cyclic peptides (CPs) will preferentially segregate
amino acid side chains with favourable interactions (e.g
hydrophobic effects, electrostatic forces, etc.), creating different
self-sorted domains along the resulting nanotube. We have
exploited the particular geometry of this monomer to control
the sequential self-assembly of CPs into nanotubes and nano-
sheets (Fig. 1).*® In these strategies, axial inter-backbone
hydrogen bonding primarily drives nanotube elongation,
while 2D nanotube packing is induced by hydrophobic nano-
tube surfaces in aqueous medium. The disposition of hydro-
phobic domains around the nanotube can be used to control
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Fig.1 Hierarchical self-assembly of p/L-alternating cyclic peptides into 1D nanotubes and 2D/3D nanosheets. (a) and (b) Previous designs using
octapeptides (BCP)*¢47 and decapeptides (*°CP)*¢ do not allow elongation along the Z axis, only producing nanotube bilayers and monolayers,
respectively. (c) This work presents a smaller cyclic hexapeptide (°CP), capable of establishing six supramolecular contacts at 60° from each other
around the nanotube's circumference, thus allowing the complementary hexagonal packing of nanotubes propagating in the third dimension as

nanosheet multilayers.

the 2D ordering of nanotubes. For example, a single hydro-
phobic domain occupying one third of the cyclic peptide's
surface can generate bilayers (Fig. 1a),***” while two hydro-
phobic domains on opposite sides of the macrocycle can lead to
a monolayer (Fig. 1b).*® The substitution of a tetraphenylethene
hydrophobic core with four cyclic peptide rings, strongly
induces the assembly of large 2D self-assembled structures.*
To engineer sequential 1D-2D-3D self-assembly, we here
report the use of a smaller monomer, a hexapeptide (°CP). The
restricted backbone flexibility and well-defined chemical
topology of °CP malke it a suitable building block for multidi-
mensional self-assembly (Fig. 1c).”® Unlike previous studies,
where charged domains were used to generate repulsive
surfaces, this new design strategy arranges supramolecular
forces; we here exploit charge complementarity to create an
internal network that matches all non-covalent interactions
around the monomer. Therefore, our aim was to balance elec-
trostatic forces between CP monomers to induce growth in the
third dimension. This simple yet critical modification opened
access to a new dimension of supramolecular growth, from 2D
to 3D. Thus, °CP was rationally designed to form nanotubes for
subsequent assembly into flat nanosheets, which can further
stack complementarily to form regular multilayered architec-
tures. Following this rationale, the resulting 3D nanosheets
were assembled in aqueous buffer and characterised by
microscopy and X-ray scattering techniques, exhibiting
remarkably homogeneous heights and aspect ratios.

Results and discussion

The molecular design of °CP [cyclo-(p-Leu-i-Leu-p-His-L-Glu-p-
His-1-Glu-)] consists of six amino acids with alternating chirality
and distributed into two domains: a hydrophobic Leu dyad and
a polar Glu-His repeat (Fig. 1c). As such, the self-assembly of
°CP expands the amphiphilic nature of this monomer along the
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surface of 1D nanotubes, creating hydrophilic and hydrophobic
domains by polarity-based self-organisation. Since bp/i-alter-
nating cyclic peptides can only stack homochiral residues
within nanotubes,”* °CP was designed to restrict peptide
stacking into a parallel B-sheet by including two consecutive
leucines with opposite chirality. Thus, antiparallel self-
assembly would be disfavoured by the chiral mismatch of
hydrophobic domains. Consequently, the designed nanotubes
would align hydrophilic residues with identical properties -
either acidic (Glu) or basic (His) - forming alternating charged
sections around the nanotubes at angles of 60° (Fig. 1c). These
rational monomer design considerations enable the aqueous
self-assembly of °CP into a 3D nanotube lattice with hexagonal
packing, which was previously inaccessible from larger octa-
peptide (°CP) and decapeptide (*°CP) monomers with narrower
angles between adjacent side chains.***®

To probe this molecular design, °CP was synthesised by
standard Fmoc solid-phase peptide synthesis as previously re-
ported.>* The purified peptide was dissolved at a concentration
of 50 uM in a phosphate buffer solution (20 mM). Self-assembly
was induced by temperature annealing: the peptide solution
was heated to 80 °C for 1.5 h and then cooled to room
temperature on the bench. Due to the presence of acidic glu-
tamic and basic histidine residues, the self-assembly of °CP was
tested across pH (4.0-7.4) to assess the effect of monomer
ionisation on supramolecular association (Fig. 2). All samples
were analysed by epifluorescence microscopy using thioflavin-T
(ThT) to stain any assembled nanostructures, as this dye shows
enhanced emission when intercalated between B-sheets,* like
those generated by stacked CPs. As shown in Fig. 2, the
morphology of the drop-cast °CP samples varied with pH.
Discrete rectangular nanostructures were produced at pH 6.0-
6.5, where zwitterionic monomers could elongate in 3D due to
complementary electrostatic interactions between the surface of
nanotubes with segregated domains (Fig. 1c). At pH values

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Top: Simplified structure of °CP only showing its pH-responsive residues to illustrate the three possible ionised states. Bottom: Epi-
fluorescence micrographs of °CP samples (50 M in 20 mM phosphate buffer) stained with ThT (10 uM) at different pH values, ranging from 4.0 to

7.4 as indicated above each image. Scale bars = 50 pm.

where °CP acquires a self-repulsive net charge other than zero,
like pH 7.4, this peptide forms amorphous disordered aggre-
gates. Although side chain (de)protonation occurs at pH values
defined by their pK, (Glu = 4.2 and His = 6.0),>* cooperative
effects (e.g. neighbouring monomer interactions or hydro-
phobic pockets within the assembly) can result in deviations
from these intrinsic pK, values, as has been observed in other
supramolecular systems and protein folds.**® Interestingly,
nanosheets assembled between pH 6.0 and 6.5 displayed
remarkable homogeneity in size and shape. In particular, at pH
6.5, the consistent 2D aspect ratio and low polydispersity
observed (0.04-0.05)* suggest a highly ordered self-assembling
process (Fig. 3), which is consistent with the cooperative 2D self-
assembly previously reported for the cyclic decapeptide *°CP.*®
The anisotropic (i.e. rectangular) growth of 2D nanosheets can
be explained by the different supramolecular forces that drive
propagation in each direction. While inter-backbone H-bonding
is the primary driving force along one axis, perpendicular
electrostatic and hydrophobic contacts direct lateral nanotube
association (Fig. 1c). The number of H-bonds involved in axial
peptide stacking remains constant during the polymerisation of
nanotubes, while lateral nanotube contacts gain multivalency
cooperatively with increasing nanotube length.*®

Atomic force microscopy (AFM) was employed to measure
the heights of these nanosheets, revealing discrete heights of ca.
10 and 20 nm (Fig. 4). Individual nanotubes were obtained after
sonication of °CP nanosheets for 30 min, confirming our hier-
archical growth model based on nanotubes, which showed an
average height of 0.90 + 0.12 nm. This size is consistent with
the expected diameter of a nanotube assembled from a cyclic
hexapeptide.** Importantly, nanotubes isolated by sonication
can be converted into nanosheets by thermal annealing,
a strategy that allows interconversion between supramolecular
stages of this class of cyclic peptides.***®* By comparing the
heights of individual nanotubes (1 nm) and nanosheets (10 nm)
as determined by AFM, propagation along the Z axis was
confirmed, hence validating the design of °CP for hierarchical

© 2026 The Author(s). Published by the Royal Society of Chemistry

self-assembly from 1D to 2D and 3D (Fig. 1). The observed
nanosheet heights (10 and 20 nm) were consistent with a step-
growth elongation along the Z axis, most likely through the
association of thinner pre-formed nanosheets that join their
multivalent 2D surfaces in order to grow in 3D thickness.
Overall, the regular aspect ratio and height profile of °CP
nanosheets suggest homogeneous growth kinetics in all three
spatial dimensions, which may arise from the cooperative self-
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Fig. 3 Microscopy characterisation of ®CP nanosheets assembled at
pH 6.5. (a) ThT-stained epifluorescence micrograph with distances
and aspect ratio (bottom, n = 30) measured in this image; scale bar =
50 pm. The two-dimensional aspect ratio is calculated as the ratio of
length to width for each nanosheet measured. (b) Electron micro-
graph; scale bar =1 pm.
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Fig.4 Atomic force microscopy images. (a) °CP nanotubes isolated by
sonication with height profiles and size distribution (n = 30) on the
right; scale bar = 2 um. (b) and (c) °CP nanosheets with height profiles
shown below each image; scale bars = 3 um (b) 10 um (c). All samples
were prepared at pH 6.5.

assembly and packing order imposed by the geometry of this
particular monomer.

Complementary scattering techniques were then used to
elucidate the internal structure of °CP nanosheets. In solution,
small-angle X-ray scattering (SAXS) confirmed the presence of
two coexisting nanostructures: elongated objects at high g
values (>0.3 nm ™) with a characteristic —1 Porod slope, and 2D
films at low g values (<0.3 nm™ ") with a slope of —2.2 (Fig. 5a).
Shape-independent analysis confirms the presence of these two
structures, where the 1D assemblies are present at a very low
volume fraction (Fig. S6).°* These results confirm the hierar-
chical assembly of the system in solution, where the 2D struc-
tures are formed by nanotubes. Applying a model-based
analysis (Fig. 5a), average diameters of 1.2 £+ 0.5 nm and
thicknesses of 19.7 & 0.5 nm were extracted for the nanotubes
and nanosheets, respectively. These dimensions are in good
agreement with those found by AFM (ca. 1 and 20 nm, Fig. 4).
However, it should be noted that the exponential scaling of
SAXS signal with size may mask the presence of thinner nano-
sheets, as those observed by AFM (10 nm in height, Fig. 4b),
which are required for the proposed hierarchical self-assembly
mechanism. Importantly, SAXS results confirmed that the
hierarchical 3D self-assembly of °CP occurs in solution and it is
not dependent on surface effects. Additionally, wide-angle X-ray
scattering (WAXS) was performed to analyse the internal
network of the supramolecular 3D architecture. WAXS analysis
revealed two predominant spacings in °CP packing (Fig. 5b): 9.7
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Fig. 5 X-ray scattering analyses of °*CP samples. (a) SAXS profile fitted
to a combination of a cylindrical and a lamellar model,** consistent
with coexisting 1D nanotubes and 2D nanosheets. (b) WAXS profile,
showing spacings at 9.7 and 4.3 A, in agreement with the expected
packing of cyclic peptide monomers as laterally-interfacing nano-
tubes. All samples were prepared at pH 6.5.

A, corresponding to the spacing between nanotube interfaces
and matching the 1 nm thickness of nanotubes determined by
AFM and SAXS, and 4.3 A, which matches the distance between
stacked cyclic peptides in B-sheets, as previously reported in the
literature.****%> Combined, these results confirmed the hierar-
chical assembly and proposed packing model for °CP nano-
sheets, made up of nanotube layers (Fig. 1c). The internal order
of the nanosheets also explains their uniformity in thickness
and aspect ratio, as they may impose geometrical constraints on
this cooperative self-assembly, which could control elongation
rates in all dimensions of space.®® Nevertheless, while local
packing defects may be present, these imperfections are likely
to undergo spontaneous reorganisation into the favoured 3D
nanosheet architecture by the dynamic reordering of non-
covalent interactions.

Sequence modifications of °CP were studied to further vali-
date the structural design requirements for 3D self-assembly.
Control peptides °CPqgqr [cyclo-(p-Leu-i-Leu-p-Gln-1-Glu-p-Gln-
1-Glu-)] and °CPyqqE [cyclo-(p-Leu-1-Leu-p-His-1-Gln-p-Gln-1-Glu-
)] were unable to assemble any sort of nanosheets due to their
truncated electrostatic domains, now blocked by neutral
glutamines (Fig. 6a and b). These control peptides confirmed
that matching ion pairing is critical to establishing the designed
packing order and complementarity in 3D assembly. In
contrast, replacement of hydrophobic contacts, from leucines
to larger tryptophan residues in peptide °CP,yw [cyclo-(p-Trp-1-
Trp-p-His-1-Glu-p-His-1-Glu-)], did produce 3D multilayered
nanosheets of 6-8 nm in thickness (Fig. 6¢). Nevertheless,
assemblies of °CP,y showed more irregular surfaces and
rugged edges than those made from °CP, suggesting that
leucine is better suited to the hydrophobic contacts required for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Chemical structures and microscopy images of control
peptides ®CPqeqe (@), ®CPuaae (b) and 8CP,y (c). Mutated amino acids
from the original ®CP structure are highlighted in blue. Epifluorescence
micrographs are shown below each peptide structure (stained with
ThT 10 puM); scale bars = 50 um. Atomic force micrograph and height
profile of ®CP,y are shown on the right of panel c. All samples were
prepared at pH 6.5.

this supramolecular lattice than the bulkier tryptophan. Over-
all, these control peptides demonstrate the tolerance of this
monomer design to accommodate other non-polar groups, and
the unavoidable requirement of complementary electrostatic
contacts to achieve sequential 1D-to-3D self-assembly.

Conclusions

We describe here the first cyclic peptide, °CP, able to undergo
hierarchical self-assembly into ordered, three-dimensional (3D)
multilayered nanosheets. For this, °CP was designed to form
supramolecular contacts at 60° around its circumference,
creating, for the first time, perfect complementarity between the
hydrophobic and hydrophilic domains around the nanotubes
formed by the parallel stacking of CP monomers. Consequently,
the nanotubes that comprise these 3D multilayers are packed in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a hexagonal lattice due to the complementarity and orthogo-
nality of their hydrophobic and electrostatic interfaces.
Remarkably, °CP nanosheets exhibited uniform 2D aspect
ratios and thicknesses, likely due to the high internal order and
cooperativity observed in the 3D packing of peptide monomers.
This supramolecular design constitutes a key milestone in the
development of self-assembled nanomaterials with precise
dimensional control without the use of external templates.
Here, we demonstrate how the same fundamental monomer -
a cyclic peptide of alternating /L chirality — can be modified in
terms of backbone length and amphiphilic topology to precisely
engineer self-assembly in 1D, 2D, and 3D (Fig. 1c). The supra-
molecular fate of these monomers, from nanotubes to multi-
layered nanosheet structures, can be rationally controlled by
adjusting the non-covalent interactions and angles between the
side chains on their surface. The design parameters presented
here offer a new supramolecular strategy for the simple prepa-
ration of organic self-assembling systems with defined cavities,
having potential applications in nanotechnology and a poten-
tial impact in biomolecular chemistry and soft materials
engineering.
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