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Riccardo Capelli, e Giovanni M. Pavan *cd and Javier Montenegro *a

Supramolecular polymerisation of two-dimensional (2D) materials requires monomers with non-covalent

binding motifs that can control the directionality of both dimensions of growth. A tug of war between

these propagation forces can bias polymerisation in either direction, ultimately determining the structure

and properties of the final 2D ensemble. Deconvolution of the assembly dynamics of 2D supramolecular

systems has been widely overlooked, making monomer design largely empirical. It is thus key to define

new design principles for suitable monomers that allow the control of the direction and the dynamics of

two-dimensional self-assembled architectures. Here, we investigate the sequential assembly mechanism

of new monolayer architectures of cyclic peptide nanotubes by computational simulations and

synthesised peptide sequences with selected mutations. Rationally designed cyclic peptide scaffolds are

shown to undergo hierarchical self-assembly and afford monolayers of supramolecular nanotubes. The

particular geometry, the rigidity and the planar conformation of cyclic peptides of alternating chirality

allow the orthogonal orientation of hydrophobic domains that define lateral supramolecular contacts,

and ultimately direct the propagation of the monolayers of peptide nanotubes. A flexible ‘tryptophan

hinge’ at the hydrophobic interface was found to allow lateral dynamic interactions between cyclic

peptides and thus maintain the stability of the tubular monolayer structure. These results unfold the

potential of cyclic peptide scaffolds for the rational design of supramolecular polymerisation processes

and hierarchical self-assembly across the different dimensions of space.
Introduction

An ever-growing pool of synthetic monomers is opening exciting
opportunities in the bottom-up fabrication of two-dimensional
(2D) supramolecular materials.1,2 The reversible nature of non-
covalent forces endows these assemblies with valuable proper-
ties for bio-technological applications such as self-healing,3

stimuli-responsiveness,4 molecular self-sorting5,6 and transient
assembly.7 Concepts from current designs contribute to guiding
new monomers, architectures and supramolecular interfaces.
Despite major advances in this eld, the controlled assembly of
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14081
simple monomers in 2D is still challenging due to the lack of
design and mechanistic understanding at the molecular level.
For example, monomers are required to elongate in two direc-
tions, which oen leads to competing assembly pathways that
may result in polydisperse and heterogenous samples.8 Yet, the
high surface area of 2D assemblies is highly coveted by material
scientists and supramolecular chemists alike, nding applica-
tions in catalysis,9,10 molecular sieving,11 responsive surfaces12,13

and biosensing,14,15 amongst others.16,17

The control of the self-assembly dynamics and structure of
2D supramolecular materials depends on hierarchical stages of
propagation.8 Thus, transitions between supramolecular hier-
archies determine elongation rates and hence the structure and
properties of the resulting 2D material. Articial intermediate
assembly states such as hydrophobic toroids,18,19 DNA origami
tiles,20 polymeric rods21,22 or peptoid helices,23 all could transi-
tion into a nal 2D assembly hierarchically. It is no surprise that
nature capitalises on the hierarchical folding of amino acid
chains through secondary, tertiary and quaternary structure to
reach the structural sophistication of protein architectures. For
this reason, peptides are particularly interesting monomers for
design-based 2D self-assembly following their natural structure-
assembly relationships.24–27 Moreover, synthetic peptide
assemblies can perform as articial enzymes,28,29 protein
© 2023 The Author(s). Published by the Royal Society of Chemistry
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receptors30 and cytoskeleton-like scaffolds,31,32 providing
a powerful building block for functional 2D materials.

While 2D supramolecular systems continue to emerge,8,33

a big gap remains in the mechanistic understanding of their
hierarchical self-assembly. The kinetic and thermodynamic
constraints that monomers undergo across levels of supramo-
lecular complexity remains overlooked. Computational simu-
lations can be used to tackle this knowledge gap, allowing the
modelling of the self-assembling process with single-monomer
resolution. Thus, complex polymerisation mechanics such as
monomer exchange,34 pathway selection35 or the amplication
of packing defects36 can be deconvoluted. However, just a few
studies have investigated the mechanism of hierarchical 2D
self-assembly, only in the context of solvent exchange-induced
polymerisation.23,37,38 A wider scope of monomers and 2D
assemblies must be studied to understand the polymerisation
process mechanistically and thus distil a general set of rules to
guide new hierarchical designs. Despite the peculiarities of each
monomer, general mechanistic concepts with broad applica-
bility are key to drive the transition from fundamentally
empirical assemblies to rational and predictable molecular
designs.

In this article, we investigate the underlying mechanisms
driving the hierarchical self-assembly of a new cyclic peptide
design equipped with two orthogonal hydrophobic domains for
lateral association of new nanotubular assemblies (Fig. 1A).
Molecular dynamics (MD) simulations of this peptide monomer
revealed a bias towards two-dimensional propagation, which
was based on the degree of polymerisation of initially formed
nanotubular assemblies. While the polar interaction is barely
affected as elongation proceeds, hydrophobic effects are
amplied in the tubular state, thus triggering higher order 2D
elongation upon a 1D oligomerisation threshold. These results
demonstrate that cyclic peptides of alternating chirality
constitute an excellent scaffold for the rational design of hier-
archical self-assembled systems across different dimensions.
The rigid structure of cyclic peptide monomers is exploited here
to impose orthogonal supramolecular growth via H-bonding
and hydrophobic effects, which direct the elongation in 2D.
This strategy is experimentally validated by the assembly of
a novel nanotubular monolayer structure. A new supramolec-
ular binding motif, the hydrophobic ‘tryptophan hinge’,
provides the required exibility to the contact points between
nanotubes (NTs) in lateral association. MD simulations and
synthetic cyclic peptides with selected sequence mutations
conrmed the suitability of this versatile scaffold for the
rational design of hierarchical self-assembled systems.

Results and discussion

Cyclic peptides (CPs) with alternating D/L chirality are known to
undergo longitudinal supramolecular polymerisation to
generate nanotubes via inter-backbone H-bonding.39 Recently,
we discovered that nanotubes assembled from amphiphilic CP
octamers could generate bilayered nanosheets.25 The amphi-
philic CPs should segregate polar and hydrophobic domains in
the longitudinal axis of the nanotubes to drive their solvophobic
© 2023 The Author(s). Published by the Royal Society of Chemistry
association in aqueous media. We rationalised that the axial
self-sorting of the peptide's side chains—by polarity-based
segregation, electrostatic bridging, etc.—should restrict the
rotational freedom of the CP monomers in the nanotubular
state.40 Therefore, we hypothesised that monomer xation
along the nanotubular axis should be, a priori, suitable for the
rational design of hierarchical self-assembled systems. Under
this assumption, the cyclic peptide scaffold would tolerate
angle-dened positioning of complementary binding motifs,
which can be amplied along the resulting nanotubes to
generate new supramolecular architectures (Fig. 1A). Despite
the interest in such hierarchical self-assembly models,21,37,41–43

the underlying mechanisms dictating the possible supramo-
lecular stages along the polymerisation process are not yet
understood.

Therefore, we decided to investigate the relative disposition
(i.e. angle) between non-covalent contact points around the
rigid CP backbone, aiming to engineer a new hierarchically self-
assembled architecture. To incorporate two hydrophobic
domains into a CP monomer with C2 symmetry, the diameter of
the ring was increased to the decapeptide cyclo-(L-Trp-D-Leu-L-
Glu-D-His-L-Leu-D-Trp-L-Leu-D-Glu-L-His-D-Leu) (CP10, Fig. 1C).
Nanotubes from CP10 should self-sort their amphiphilic
domains and generate confronted hydrophobic faces. As
a result, 2D elongation will be induced in a 180° angle, forming
a new monolayered structure from peptide nanotubes in lateral
association (Fig. 1).

Thus, the hierarchical self-assembly of CP10 was initially
modelled using molecular dynamics (MD). To this end, the
relative stacking of monomers in parallel or antiparallel
conguration was rst investigated to unravel the potential
internal structure of the resulting nanotubes. All-atoms MD
simulations of CP10 nanotubes were run on either congura-
tion, and the energy kinetic prole of the system was monitored
in water (Fig. 2A). We found that, while the parallel nanotube
disassembled aer 100 ns of simulation, the antiparallel
analogue retained its full integrity under the same conditions.

To validate this predicted antiparallel stacking, CP10 was
synthesised by Fmoc solid-phase strategy44 and analysed by FT-
IR, showing frequencies for amide A (3272 cm−1), I (1629 cm−1)
and II (1527 cm−1) consistent with those reported in the liter-
ature for antiparallel CP nanotubes (Fig. S1†).45 Next, an in silico
modelling of the self-assembly mechanism was carried out for
CP10 (Fig. 2B–D). Dimerisation energies of CP10 oligomers,
both in axial and lateral contact, were calculated as a function of
their degree of polymerisation. The comparison of these ener-
gies allows the identication of a potential supramolecular bias
promoting either dimension of propagation (axial versus lateral)
as the polymerisation proceeds. Dimerisation energies were
calculated by potential of mean force (PMF) proling of
approaching CP10 oligomers with xed orientation—i.e. unable
to rotate—, where the global minimum of Gibbs free energy
correlates to the binding strength between the supramolecular
units under study (Fig. 2B and C). Thus, PMF analysis was
carried out for axial and lateral interaction of CP blocks with
increasing oligomerisation degrees (e.g. monomer–monomer,
dimer–dimer, etc.). For axial (i.e. nanotube) elongation, CP10
Chem. Sci., 2023, 14, 14074–14081 | 14075
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Fig. 1 Rational design and structural scheme of self-assembled 2D nanotubular monolayers of cyclic peptide monomers. (A) A cyclic octa-
peptide (left) with a single hydrophobic domain matches the structural requirements for a staggered bilayer assembly; increasing molecular
diameter to a cyclic decapeptide (right) allows the incorporation of two hydrophobic motifs at 180° in a C2 symmetric scaffold for the lateral
assembly of nanotubular monolayers. (B) Longitudinal antiparallel b-sheet hydrogen bonded network of the stacked cyclic peptide monomers.
(C) Supramolecular structure of a two-dimensional monolayer assembled from nanotubes through lateral hydrophobic contacts between
aligned Trp (orange) and Leu (green) residues of CP10. (D) Lateral contact model: ‘Trp hinge’with the aromatic residue pivoting between the two
possible Leu zippers.
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monomers and dimers appear to be signicantly less favoured
to associate than larger longitudinal oligomers (Fig. 2D). Short
oligomers (3–5mer) display the highest axial association ener-
gies, probably due to their increased backbone rigidity and
hence better interfacial matching, as compared to mono- and
dimeric species. Indeed, our calculations show better interfacial
matching between 3mer blocks than in the case of more exible
monomers (Fig. S2 and S3,† see Methods). This cooperative
axial elongation progressively drops from pentamers onwards,
most likely because of the more defects that can be generated
and amplied though longer nanotubular assemblies.35,36

However, regarding lateral 2D association, dimerisation ener-
gies could only be extracted from 4mer blocks onwards,
showing a gradual increase in association energy up to a 7mer
state (Fig. 2D). These phenomena can be rationalised by the
enhanced hydrophobicity of longer tubes boosting their sol-
vophobic 2D packing, also limiting the lateral association of
small oligomers (3mer an below) to a negligible energy value. In
fact, whereas axial elongation seems favoured in short oligo-
mers (<5mers), lateral association energy peaks at a 7mer state,
where the preferential dimension of growth is inverted in favour
of 2D propagation. Therefore, PMF proling strongly supports
the hierarchical assembly mechanism, where CP10 monomers
14076 | Chem. Sci., 2023, 14, 14074–14081
grow axially until a certain hydrophobicity threshold, which
then favours the lateral association of tubular oligomers.

To experimentally test our supramolecular design, the syn-
thesised CP10 was dissolved in phosphate buffer at pH 7.4 and
subjected to a heating–cooling cycle to gradually anneal the
monomers (see ESI†). The environment-sensitive uorescent
dye thioavin-T (ThT), which accumulates at b-sheet and
hydrophobic interfaces with enhanced uorescence, was added
to CP10 samples to allow their visualisation by epiuorescence
microscopy. Nanosheets reaching over 100 mm in lateral
dimensions were observed under the microscope from drop
cast samples of CP10 (Fig. 3A). It must be noted that micro-
graphs were acquired from dry samples, demonstrating the
structural robustness of the supramolecular 2D ensemble even
out of solution. The laminar 2D morphology of the afforded
assemblies was further conrmed by scanning-transmission
electron microscopy (STEM, Fig. 3B). High-resolution TEM
revealed two perpendicular diffraction spacings: 4.7 Å corre-
sponds to the reported distance between 1D stacked cyclic
peptides,25 while the perpendicular 2.8 Å stems from the lateral
contact between tubes in 2D elongation (Fig. 3C). Atomic force
microscopy (AFM) revealed a thickness of 2.6 nm (Fig. 3D),
which is in range with the diameter of CP10 and thinner than
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Left: atomistic representation of CP10 in parallel (top) and antiparallel (bottom) configurations. Right: MD simulations of one single
nanotube made of eight CP10 units stacked in either parallel (blue) or antiparallel (yellow) configuration. The data show the total interaction
energy, including both Lennard-Jones and Coulomb potentials, between the top two CP10 units of the nanotubes (in darker colour) simulated
for 100 ns in aqueous solution. (B) Potential of Mean Force (PMF) profile of two 3CP10-NTs in axial assembly and antiparallel configuration. ‘d’
indicates the distance between the centre of mass of the nanotubes. (C) PMF profile of two 8CP10-NTs in lateral assembly and antiparallel
configuration. (D) Global free energy (DG) minima, i.e. dimerisation free energy, for CP10 nanotubes in axial (red) and radial (green) association
(see (B) and (C)) as a function of their oligomerisation degree in antiparallel configuration. Error bars were obtained from the PMF calculation.
Because of their low probability to laterally assemble, 1CP10-NT, 2CP10-NT and 3CP10-NT have a negligible lateral (green) dimerisation DG.
Note: 1D nanotubes are denoted as ‘XCP10-NT’, where ‘X’ indicates the oligomerisation degree [i.e. number of CP10 units constituting the
nanotube (NT)].
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the bilayer structure resulting from cyclic octapeptides.25,43

Fluorescence, electron and atomic force microscopy allowed us
to conrm the assembly of tubular monolayers from cyclic
peptide monomers bearing confronted hydrophobic domains.
pH buffering of the aqueous solution at 7.4 was required to
maintain the structural integrity of CP10's 2D monolayers. As
previously found for the bilayer peptide assemblies,25 deproto-
nated glutamic acids are needed to balance the hydrophobic
effects with electrostatic repulsion, thus avoiding the uncon-
trolled aggregation of the supramolecular system observed with
acidication (Fig. S4†).

Well-tempered metadynamics simulations46 of two contact-
ing nanotubes (8CP10-NT) were then performed to understand,
at the molecular level, the lateral packing within the tubular
monolayers (Fig. 4A–C). Free energy landscapes were projected
along two geometrical parameters from the 8CP10-NT interface:
the number of Trp–Trp contacts established between tubes as
an indicator of the efficient packing of the hydrophobic
domain, and the sum of distances between NT termini to probe
© 2023 The Author(s). Published by the Royal Society of Chemistry
for their relative orientation (i.e. rotation and alignment)
(Fig. 4A). In this energy map, long distances (d1 + d2 > 5 nm)
represent axially-mismatched nanotubes that cannot fully
connect their hydrophobic domains (Fig. S5†). Alternatively,
short distances (d1 + d2 ∼ 4 nm) correspond to NTs in parallel
and aligned orientation, favourable for 2D elongation (Fig. 4B).

In this region, two minima appeared with different energy
proles: a dual Trp–Trp and Leu–Leu interface (DG° =

2.69 kcal mol−1; Fig. 4Ci) and a less thermodynamically fav-
oured direct Trp–Trp contact (DG° = 12.54 kcal mol−1;
Fig. 4Cii); both congurations spontaneously exchanged during
the simulation. Due to CP10's symmetric and complementary
structure, with oppositely charged His and Glu residues on
either side of the hydrophobic triad, both directions of rotation
are equivalent to generate dual Trp–Trp and Leu–Leu contacts
(Fig. 1D). An adaptable ‘tryptophan hinge’ triad was found to be
an optimal supramolecular motif to provide the exibility
required within the hydrophobic interface. To assess the
importance of this tryptophan hinge (i.e. Leu–Trp–Leu) for the
Chem. Sci., 2023, 14, 14074–14081 | 14077
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Fig. 3 Dry-state microscopic characterisation of 2D nanosheets
composed of CP10 nanotube monolayers: (A) ThT-stained epifluor-
escence; (B) STEM; (C) electron diffraction pattern by high-resolution
TEM and its Fourier transform (inset), revealing two predominant
distances: d1 (axial CP spacing) and d2 (lateral 2D spacing); (D) AFM
with height profile.
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solvophobic stabilisation of the tubular monolayers, two CP10
variants with modied hydrophobic domains were synthesised
(Fig. 4D): 3L, cyclo-(L-Leu-D-Leu-L-Glu-D-His-L-Leu-D-Leu-L-Leu-D-
Fig. 4 (A) Free energy surface (FES) metadynamics simulation of the spat
as a function of Trp–Trp contacts and sum of d1 + d2 distance (see ESI†
snapshots of interconverting minima (i) and (ii). Trp and Leu residues are
their analogues, 3L and LW, with highlighted Trp and Leu residues. Epifluo
showing no evidence of 2D nanosheets. Arrows point at bundled 1D str

14078 | Chem. Sci., 2023, 14, 14074–14081
Glu-L-His-D-Leu), bearing a Leu triad with no steric mismatch
between residues, and LW, cyclo-(L-Trp-D-Leu-L-Glu-D-His-L-Glu-
D-Trp-L-Leu-D-His-L-Glu-D-His), only possessing the Leu–Trp
contact point needed for the most thermodynamically favoured
packing (Fig. 4Ci). The two leucines removed from the structure
of LW were replaced for histidine and glutamic acid in con-
fronted positions to maintain alternating charge neutrality with
polar residues. By design, neither 3L nor LW should be capable
of establishing pivotal Trp hinges (Fig. 1D) due the lack of Trp
or additional Leu contact, respectively. Microscopic analysis of
3L and LW samples did not show any 2D nanosheets, only high-
aspect ratio assemblies that may result from bundles associated
through less ordered hydrophobic packing (Fig. 4D, see arrows).
These results suggest that the structural elasticity of the Trp
hinge allows tubular interfaces to adjust their orientation and
compensate for local misalignments during the lateral elonga-
tion of the monolayers (Fig. 1C and D).

Circular dichroism (CD) analysis of CP10 showed a positive
Cotton effect in the tryptophan absorbance region (ca. 280 nm,
Fig. S6†), suggesting a close spatial disposition of laterally
interacting tryptophan moieties.

To further interrogate the assembly of multiple CP10-NTs,
a coarse-grained (CG) model of CP10 was constructed to simu-
late the system beyond the calculation limits of atomistic MD
simulations. Here, the atom-bead mapping follows the Martini
CG approach,47 while the bond interactions between the beads
are optimised with Swarm-CG soware48 to reproduce the
equilibrium arrangement of one single CP10 within a NT
(Fig. S7†). The virtual sites of dipoles, depicted in blue and red,
ial evolution of two 8CP10-NTs shown as free energy surface mapping
). (B) Energy profile between (i) and (ii) minima from (A). (C) Structural
coloured in orange and green, respectively. (D) Structures of CP10 and
rescencemicrographs of ThT-stained samples of 3L (left) and LW (right)
uctures. Scale bars = 50 mm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CG-MD simulations of ten 4CP10-NTs in aqueous solution with variations in the hydrophobic strength of Trp residues (Dhpho; see
Methods). (A) Snapshots of the native 4CP10-NTmodel (Dhpho= 0) and a customised analogue with Trp beads displaying a 50% reduction of their
original hydrophobic strength (Dhpho = −50%). Orange beads indicate tryptophan residues. (B) Time evolution of the average cos(q) between the
longitudinal axes of all possible NT couples. (C) Time evolution of the number of 4CP10-NT clusters versus Dhpho. (D) Self-assembly pathway as
function of Dhpho comparing solvophobic 4CP10-NT clustering versus relative orientation based on Trp's hydrophobic character.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
8:

51
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
are included in the CG model to improve the directional
orientation of CP–CP packing in a nanotube (Fig. S8A†). It is
worth noting that, while the Martini CG force eld (the basis of
these models), is very well suited to treat the hydrophobic
interactions between the NTs during the self-assembly (e.g., 2D-
growth due to lateral Trp–Trp interactions), the treatment of
directional hydrogen bonding is not trivial in CG models. As
recently performed for other supramolecular polymers where
hydrogen-bonding plays a major role,34,49,50 the addition of rigid
virtual site dipoles in this CG model allows to approximate well
(via dipole–dipole interactions) the effect of H-bonds in keeping
these NTs as stacked and rigid as in, for example, the AA
models. The relative orientation of NTs during this simulation
was analysed as cos(q) versus time; q being the average angle
created by the longitudinal axes of all possible NT pairs, leading
to cos(q) values of 0 for all perpendicular and 1 for all parallel
NT axes (Fig. S8B†). According to these simulations, NT align-
ment and hence 2D self-assembly is signicantly inuenced by
the oligomerisation degree, showing a minimum requirement
of 4mer as nucleus to induce an all-parallel NT cluster (4CP10-
NT cos(q) = 1, Fig. S8B†). In contrast, 3mers were unable to self-
organise into the parallel conguration required for the 2D
propagation of nanosheets, remaining randomly oriented
© 2023 The Author(s). Published by the Royal Society of Chemistry
during the whole simulation (3CP10-NT cos(q) ∼ 0.5, Fig. S8B†).
This result is supported by the negligible DG values found for
3mers and shorter oligomers in lateral contact (Fig. 2D). CG
modelling did not show a signicant improvement in 2D
association dynamics for a longer 6C10P-NT oligomer, sug-
gesting 4CP10-NT is suitably balanced in hydrophobic strength
and diffusion/rotation freedom for 2D propagation (Fig. S8B
and C†).

CG-MD simulations were then performed with variations in
the hydrophobic strength (Dhpho) of Trp to study the contribu-
tion of this central amino acid to the 2D-driving Trp hinge
motif. As model, the self-assembly of ten 4CP10-NTs was
assessed by their ability to aggregate into one single cluster of
aligned nanotubes (i.e. cos(q)= 1) as a function ofDhpho (Fig. 5).
In these experiments, a Dhpho value of 0 corresponds to the
native hydrophobicity of Trp—used in all previous calcula-
tions—and that showed the stable assembly of tubular mono-
layers by CG-MD simulations (Fig. S8†). The system was probed
with an initial 50% reduction of Dhpho, showing dispersed and
randomly aligned NT clusters unable to elongate in 2D (Fig. 5A–
C). A milder 30% reduction of Dhpho led to a single NT cluster
with aligned 1D axes, hence successfully assembling in 2D
despite taking longer to reach 2D state than the native Trp
Chem. Sci., 2023, 14, 14074–14081 | 14079
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(Fig. 5B and C). Regarding the hierarchical 1D-to-2D assembly
pathway, comparison between 2D cluster size and cos(q) shows
that NTs rst come together into a single cluster, which then
reorganises cooperatively to align all 1D axes (Fig. 5D). It is also
clear that the reduction of Trp's Dhpho compromises NT clus-
tering and axial alignment. Together with the energy mapping
of Trp–Trp contacts (Fig. 4), these experiments conrmed the
central role of the Trp residue in driving the second hierarchy of
self-assembly in 2D based on the geometrical exibility of this
interface. Importantly, Trp Dhpho reductions could not be
compensated by adjacent Leu residues – unmodied across all
simulations–, reinforcing the need for a hinging Trp–Trp
interface for lateral elongation.

Conclusions

This work studies the hierarchical supramolecular polymerisa-
tion of a new tubular monolayer architecture, designed from
cyclic peptide monomers, by atomistic and coarse-grained MD
models. First, we engineered a hierarchically self-assembled
architecture by incorporating two hydrophobic domains into
a CP monomer with increased diameter (CP10, Fig. 1C). Nano-
tubes from CP10 self-sorted their amphiphilic domains and
generated confronted hydrophobic faces. As a result, two-
dimensional elongation was induced in a 180° angle, forming
a monolayered structure from peptide nanotubes in lateral
association (Fig. 1). Computational simulations demonstrated
that CP10 monomers preferentially undergo one dimensional
elongation at short oligomerisation states (i.e. 3mer and 4mer),
while longer oligomers prefer 2D propagation as their hydro-
phobic character is amplied along larger tubular assemblies.
This is evidenced by both PMF calculations (Fig. 2D) and CG-
MD modelling (Fig. 5). The supramolecular polymerisation is
shown to be a stepwise process consisting of the hydrophobic
clustering of nanotubes, initially in random orientation, to be
then realigned in parallel for lateral extension (Fig. 5). We
demonstrate that cyclic peptide monomers allow the rational
disposition of their hydrophobic domains for the assembly of
new supramolecular tubular monolayers. Design-wise, the key
positioning of two opposite hydrophobic ‘tryptophan hinges' in
CP10's sequence provides directional control for lateral
assembly of a single-peptide-thick, hollow 2D structure. Control
over the directionality of supramolecular propagation relies on
the rigid structure of CP10's backbone and the radial disposi-
tion of its amino acid side chains in dened angles. CP10 was
synthesised and assembled in tubular monolayers by heating–
cooling cycles in aqueous buffered solutions. The resulting self-
assembled structures were characterised by microscopy and
diffraction techniques, showing lateral dimensions over 100 mm
and the expected single cyclic peptide thickness. Control
experiments with synthesised peptides with selected mutations
conrmed the importance of the Leu–Trp–Leu triad to allow the
exible contact between nanotubes with freedom to establish
exchanging Leu zippers in either direction (Fig. 1D and 4). This
‘tryptophan hinge’ provides a hydrophobic drive to the lateral
association of nanotubes for subsequent 2D elongation, proving
a particularly well-suited hydrophobic motif to create this
14080 | Chem. Sci., 2023, 14, 14074–14081
dynamic non-polar interface in water. Here, we demonstrated
the supramolecular versatility of cyclic peptides of alternating
chirality for the rational design of hierarchical self-assembled
systems across different dimensions of space. The new mech-
anistic concepts introduced in this work pave the way for the
future assembly of complex architectures from custom peptide
monomers, with direct translation to protein and peptide
engineering from rational design.

Data availability

Complete computational material and data pertaining to the
study conducted herein are available at: https://doi.org/10.5281/
zenodo.10057290. Details on the molecular models and on the
MD simulations are also provided in the ESI.†

Author contributions

All authors contributed to the nal version of this manuscript,
with shared input into experimental design and data
interpretation.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was partially supported by the Spanish AEI (SAF2017-
89890-R, PCI2019-103400, PID2020-117143RB-I00), the Xunta
de Galicia (ED431G 2019/03, ED431C 2017/25, 2016-AD031, the
Oportunius Program (Gain)), the ERC-Stg (DYNAP-677786), the
ERC-PoC (TraffikGene, 838002), the HFSP (RGY0066/2017) and
the ERDF. I. I. and J. B. thank AEI for their respective Ramón y
Cajal fellowships (RYC2021-031367-I and RYC2021-034705-I). I.
I. also thanks the European Commission for a MSCA-IF (2018-
843332). S. D. thanks Xunta de Galicia for a predoctoral
fellowship (ED481A-2020/137). G. M. P. acknowledges the
support received by the European Research Council (ERC)
under the European Union's Horizon 2020 research and inno-
vation program (Grant Agreement No. 818776 – DYNAPOL) and
by the Swiss National Science Foundation (SNSF Grant
IZLIZ2_183336) The authors also acknowledge the computa-
tional resources provided by the Swiss National Super-
computing Center(CSCS) and by CINECA.

References

1 P. K. Hashim, J. Bergueiro, E. W. Meijer and T. Aida, Prog.
Polym. Sci., 2020, 105, 101250.

2 I. Insua and J. Montenegro, Chem, 2020, 6, 1652–1682.
3 J. Xie, P. Yu, Z. Wang and J. Li, Biomacromolecules, 2022, 23,
641–660.

4 S. Panja and D. J. Adams, Chem. Soc. Rev., 2021, 50, 5165–
5200.

5 S. Panja, B. Dietrich, A. J. Smith, A. Seddon and D. J. Adams,
ChemSystemsChem, 2022, 4, e202200008.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.5281/zenodo.10057290
https://doi.org/10.5281/zenodo.10057290
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3SC03930G


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
8:

51
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
6 N. Singh, A. Lopez-Acosta, G. J. M. Formon and
T. M. Hermans, J. Am. Chem. Soc., 2022, 144, 410–415.

7 S. A. P. van Rossum, M. Tena-Solsona, J. H. van Esch,
R. Eelkema and J. Boekhoven, Chem. Soc. Rev., 2017, 46,
5519–5535.

8 I. Insua, J. Bergueiro, A. Méndez-Ardoy, I. Lostalé-Seijo and
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