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ABSTRACT: Despite recent developments in two-dimensional self-assembly, most supramolecular 2D materials are 
assembled by tedious methodologies, with complex surface chemistry and small sizes. We here report D/L-alternating 
cyclic peptides that undergo one-dimensional self-assembly into amphiphilic nanotubes, which subsequently arrange as 
tubular bilayers to form giant nanosheets in the mesoscale. Reversible transitions between the assembled, dispersed and 
aggregated states of these nanosheets can be triggered by external stimuli. The characteristic flexibility, defined chemical 
topology and length scale of these nanosheets set a clear distinction between this new supramolecular architecture and 
previously reported 2D nanostructures. The sequential 1D-to-2D self-assembly of peptides described here provides a 
conceptually new approach to achieve two-dimensional materials with hierarchical organisation. These giant nanosheets 
represent one of the largest 2D supramolecular materials ever made, with potential application as long-range molecular 
transporters, responsive surfaces and (bio)sensors. 

INTRODUCTION 
The different levels of protein structure define the 

spatial distribution of the amino acids involved in the 
non-covalent interactions that define protein shape and 
function.1 Thus, a protein’s primary sequence encodes the 
information for the hydrogen-bonded patterns of its 
secondary structure (e.g. α-helix or β-sheet). The spatial 
arrangement of these secondary motifs yields tertiary 
protein assemblies, whose controlled aggregation leads to 
the assembly of the final quaternary protein oligomers. 
Since the early years of supramolecular chemistry, 
artificial molecular designs have been extensively studied 
to mimic the hierarchical assembly of proteins with 
controlled topology.2-10 Recent advances to control the 
topology and function of synthetic supramolecular 
systems include the application of chirality,11 mechanical 
stress12 and oscillating assembly mechanisms.13 

The unique chemical reactivity and physical properties 
of two-dimensional (2D) molecular allotropes has opened 
new and exciting opportunities in chemistry, 
nanotechnology and materials science.14,15 To this end, a 
myriad of inorganic and organic bottom-up approaches 
towards 2D covalent and supramolecular materials have 
been developed over the last decade.15 Directed DNA and 
protein folding at the nanoscale have allowed the 
preparation of 2D biocompatible materials.3,16-18 In 
particular, peptide-based scaffolds that undergo 2D self-
assembly19,20 include peptides,21-24 proteins,21,25,26 
peptoids27,28 and derivatives thereof,29,30 which have 
found applications in sensing,27,31 catalysis24 and 
molecular biology.22 However, despite remarkable 
progress in synthetic supramolecular systems, a synthetic 

small molecule with different pre-programmed levels of 
hierarchical self-assembly and adaptive behaviour has 
remained elusive. 

Herein, we report the design principles of the first 
cyclic peptide capable of undergoing sequential 1D-to-2D 
self-assembly in aqueous medium to produce dynamic 
and giant two-dimensional supramolecular structures in 
the mesoscale. The primary amino acid sequence of this 
cyclic peptide codifies all the chemical information 
needed for the adoption of the secondary folded β-sheet 
motif, which gives rise to the corresponding nanotubes 
that were further associated as crystalline, yet dynamic, 
2D nanosheets. These ultrathin supramolecular 
assemblies constitute one of the largest fully organic 2D 
structures ever assembled in solution. Microscopy, 
spectroscopy, X-ray scattering and computational models 
were employed to demonstrate the crystalline structure of 
the nanosheets and their defined chemical topology. The 
resulting 2D assemblies respond to external stimuli (i.e. 
temperature and pH) by reversibly changing 
conformation between disassembled, aggregated and 
extended states. The new hierarchical architecture 
described here, constituted by hollow tubular ensembles 
with adjustable nanolumens, opens new avenues for the 
bottom-up assembly of aqueous 2D supramolecular 
materials with controlled topology in the mesoscale. 

RESULTS 
Supramolecular design 

Cyclic peptides with an even number of amino acids 
and alternating D/L-chirality stack on top of one another 
to form hollow self-assembled cyclic peptide nanotubes 
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(SCPNs).32,33 In this architecture, the length and nature of 
the primary sequence dictate the diameter and the 
surface chemistry of the resulting nanotube. The 
synthetic simplicity and self-assembly mechanism of 
cyclic peptides allow an exceptional level of geometrical 
control that is amplified along the final nanotubular 
ensemble. Therefore, since their discovery, SCPNs have 
shown their outstanding potential as functional size-
selective ion channels, molecular switches, tubular 
composites, antibiotics, charge transport systems and 
drug delivery vehicles.34-38 

The cyclic peptide design described here was based on 
the pioneering work by Ghadiri et al.,32 where the self-
assembly of cyclic peptides bearing glutamic acids was 
triggered by acidification and carboxylate protonation, 
which resulted in the neutralisation of charge repulsions 
and thus the self-assembly of 1D nanotubular bundles.39 
The assembly of peptide nanotubes was confirmed to be 

controlled by the formation of cooperative and enthalpy-
driven hydrogen-bonded networks.40,41 As previously 
reported, the incorporation of leucine residues into 
neutral cyclic peptide monomers afforded remarkably 
static and thermodynamically stable nanotube bundles.40 
In these nanotubes, the packing of hydrophobic side 
chains restricted the competition of water for the 
hydrogen bonds between peptide backbones, resulting in 
SCPNs that were stable from below freezing temperatures 
to boiling water.40 On this basis, we hypothesised that 
SCPNs exploiting hydrophobic interactions but assembled 
from peptide monomers in their ionised state would 
weaken the attractive forces along the nanotubes by 
charge repulsions,42 thus creating a more dynamic 
supramolecular network where stimuli-responsiveness 
and adaptive behaviour could emerge. 

 

 

 

Figure 1. Proposed model for the sequential 1D-to-2D self-assembly of cyclic peptide CPx. (a) Primary amino acid sequence of 
CPx and colour coding. (b) Secondary parallel β-sheet conformation between CPx backbones within nanotubes stabilised via 
eight hydrogen bonds (dashed lines). (c) Tertiary 1D self-assembly of CPx as amphiphilic peptide nanotubes with hydrophobic 
(Leu-Trp-Leu in yellow-grey) and hydrophilic (Glu-His-Gln in red-blue-green) surfaces. (d) 2D self-assembly of CPx into 
nanosheets comprising nanotube bilayers with hydrophobic cores –composed of Leu zippers (yellow) and Trp stacks (grey)– and 
polar residues on their surface. 

 
Following these principles, we designed cyclic peptide 

X (CPx), which consists of eight residues with alternating 
D/L-chirality arranged into four distinct domains: i) a 
hydrophobic tripeptide comprising a tryptophan flanked 
by two leucines (Leu-Trp-Leu); ii) two hydrophilic 
ionisable domains on either side of the peptide ring 
including the pH-sensitive glutamic acid and histidine 
(Glu, His); iii) and a neutral hydrophilic glutamine (Gln) 
opposite to the tryptophan in the hydrophobic domain 
(Figure 1). In solution, CPx would adopt a parallel β-sheet 
secondary structure to afford an amphiphilic nanotube, 
which would have to self-organise into a nanotubular 
bilayer to bury its hydrophobic face from the aqueous 

environment (Figure 1c-d). At physiological pH (7.4), the 
surface of the tubular ensemble will have a highly anionic 
character due to the theoretical deprotonation degree 
(>99.9%) of the glutamic acids (pKa≈4.2) and the 
neutrality (>96%) of histidine residues (pKa≈6.0).43 
Therefore, the resulting amphiphilic nanotubes should 
pack into a hydrophobic bilayer, where the shifting of one 
peptide nanotube to stagger the top and bottom layers 
would give rise to stabilising leucine zippers and π-π 
stacks of tryptophan indoles (Figure 1d). The strongly 
anionic surface of the resulting 2D architecture would 
prevent the aggregation of the individual layers, which 
would be further stabilised by intermolecular hydrogen 
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bonding between histidine and glutamine side chains. 
Furthermore, the presence of pH-sensitive residues and 
the repulsive anionic character of the system could allow 
the dynamic remodelling of the supramolecular structure 
(soluble  1D  2D) with pH and/or temperature. The 
design principles encoded in the primary amino acid 
sequence of CPx would thus allow the controlled one-
dimensional stacking of cyclic peptide monomers, the 
subsequent assembly of the nanotubes into two-
dimensional supramolecular nanosheets, and their 
controlled and reversible stimuli-responsive behaviour. 
Hierarchical 1D-to-2D peptide self-assembly 

Cyclic peptide CPx was prepared by conventional 
solid-phase peptide synthesis as previously reported (see 
Supporting Information).39 The self-assembly of CPx was 
initially studied at physiological pH (20 mM Na2HPO4 
buffer, pH 7.4), where theoretically over 96% of peptide 
molecules should bear two negative charges. To start at 
maximal monomer solubility, a solution of CPx (100 µM) 
was heated at 80°C for 1.5 hours and let to cool down to 
room temperature to promote the assembly of the system. 
To visualise the resulting supramolecular structures, 
solutions of CPx were stained with the fluorescent probe 
thioflavin-T (10 µM), which is known to intercalate β-
sheets resulting in enhanced fluorescence due to the 
probe’s planarisation.44 The corresponding fluorescence 
micrographs revealed remarkably large and flat 
nanosheets, with lateral dimensions in the high micron 
range (e.g. 260 x 50 µm) and surfaces of up to 15,000 µm2 
(Figure 2 and S13). These nanosheets were transparent 
and flexible, as evidenced by their resistance to folding 
and wrinkling (Figure 2a-b). Despite being assembled in 
solution, the integrity of the nanosheets was preserved 
after drying the samples for microscopy analysis (Figure 
2), which demonstrates the remarkable stability of this 
supramolecular 2D network outside its solvated state. 

Scanning-transmission electron microscopy (STEM) 
confirmed the formation of transparent 2D structures, 
reminiscent of single graphene layers (Figure 2c-d).45 
STEM micrographs revealed the presence of aligned 
nanotubes in areas with fragmented sheets, indicative of 
backward 2D-to-1D disassembly of the supramolecular 
system (Figure S14). Sonication of CPx nanosheets 
allowed the isolation of peptide nanotubes and 
nanotubular bundles, with no evidence of surviving 
nanosheets (Figure S15). However, when this sonicated 
sample was left overnight at room temperature, the 2D 
nanosheets formed again from the nanotubes 
spontaneously (Figure S16). Furthermore, only 1D 
nanotube bundles were found by STEM during nanosheet 
annealing at 80°C (Figure S17), and dynamic light 
scattering (DLS) showed a clear increase in the 
hydrodynamic diameter of the sample when cooling from 
80°C to 20°C, indicative of a 1D-to-2D transition (Figure 
S18). These results supported peptide nanotubes as the 
building blocks for the 2D supramolecular architecture 
and were consistent with a sequential 1D-to-2D self-
assembly pathway (Figure 1). As in similar crystalline 
peptide nanotubes,46 the high structural order of these 2D 

ensembles allowed the emergence of light birefringence 
on drop-cast CPx nanosheets (Figure 2e-f). Cross-
polarised optical micrographs showed illuminated 
nanosheets when the light polarisers cancelled each other 
at 90°, displaying different brightness depending on their 
folding and orientation. 

 

 

Figure 2. Microscopic characterisation of CPx 
supramolecular nanosheets. (a-b) Epifluorescence 
micrographs of nanosheets (CPx 100 µM, pH 7.4, annealing: 
i. 80°C/1.5 h; ii. R.T./1 h) in presence of thioflavin-T (10 µM). 
Scale bar = 50 µm (a) and 20 µm (b). (c-d) Scanning 
transmission electron microscopy (STEM) of nanosheets. 
Scale bars = 2 µm. (e-f) Cross-polarised optical micrographs 
at 0° (full illumination, e) and 90° (full cancellation, f) angles 
between polarisers. Scale bar = 15 µm. 

 
The self-assembly of CPx nanosheets was then 

investigated across different peptide concentrations and 
annealing temperatures. Firstly, peptide concentration 
was screened in the micromolar range, showing no 
evidence of sheets at the lowest concentration tested (5 
µM) and the progressive appearance of an amorphous 
background and disassembly of nanosheets at the two 
highest concentrations (250 and 500 µM) (Figure S19). 
Peptide concentrations in the intermediate micromolar 
range (20-100 µM) showed the formation of defined 
nanosheets with increasing size and abundance with 
higher peptide concentration. Next, the effect of 
temperature on the nanosheet annealing process was 
studied (Figure S20). Unheated peptide samples showed 
few small nanosheets together with polydisperse peptide 
aggregates. In contrast, heated samples showed larger 
nanosheets with increasing temperatures, which was 
consistent with the thermodynamic evolution of the 
system towards the 2D assembled nanosheets. 
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Dynamic behaviour of CPx nanosheets 
The effect of temperature on pre-assembled 

nanosheets was investigated by measuring thioflavin-T 
emission during heating and cooling steps.44 Fluorescence 
spectroscopy revealed the quenching of thioflavin-T 
emission with temperature, indicating the progressive 
disassembly of the supramolecular nanosheets (Figure 
3a). From a dispersed state at 80°C, fluorescence emission 
was spontaneously recovered at room temperature in ca. 
40 min, which suggests the completion of the re-assembly 
process (Figure 3b). Epifluorescence microscopy of heated 
samples confirmed the complete disappearance of 
thioflavin-stained nanosheets, which were recovered at 
room temperature in a disassembly/assembly cycle that 
could be repeated as many times as desired (Figure 3c). 

To explore the pH dependence of this system, samples 
of anionic CPx nanosheets prepared at room temperature 
and pH 7.4 were acidified to the pKa of histidine (pH 6.0, 
protonation: ∼ 50% His and ∼ 0% Glu). The generation of 
positive charges in about half of the histidine imidazoles 
caused the collapse of the anionic nanosheets due to the 
enhanced electrostatic attraction between cyclic peptide 
monomers (Figure 3d-e). Subsequent pH cycles within 

physiological range (7.4  6.0) confirmed the reversible 
transition between peptide aggregates and extended 2D 
nanosheets (Figure 3e). Further acidification of the 
sample to the pKa of glutamic acid (pH 4, protonation: ∼ 
100% His, ∼ 50% Glu), still showed the presence of 
electrostatically collapsed peptide aggregates. However, 
acidification until CPx acquired full positive charge (pH 
2.8, protonation: ∼ 100% His, ∼ 100% Glu) restored the 
electrostatic repulsion between CPx monomers and thus 
the nanosheet configuration of the system (Figure 3f and 
S21). Interestingly, nanosheets at pH 2.8 presented higher 
aspect ratios than those found at pH 7.4, which could be 
an effect of the different counterions and attractive-
repulsive forces present at these two ionisation states. 
Despite the persistence of certain kinetic aggregates 
formed during the pH cycle, the same structural 
transitions were observed when the pH was reversed to 
physiological levels, and the 2D nanosheets were 
recovered at pH 7.4 (Figure 3f). Additionally, heated 
samples allowed the removal of the peptide aggregates 
formed after the morphological transitions during pH 
cycles (Figure S22). 

 

 

Figure 3. Dynamic behaviour of CPx supramolecular nanosheets. (a) Fluorescence emission of thioflavin-T (ThT) in a CPx 
solution heated from 20 to 80°C. (b) Relative fluorescence emission of ThT in a CPx solution cooled from 80°C to 20°C. (c) 
Epifluorescence micrographs of a CPx solution during successive heating (80°C/1.5 h) and cooling (R.T./1 h) steps. The first 
´R.T.´ image had been previously heated (80°C/1.5 h). Scale bars = 30 µm. (d) Simplified structure of CPx showing its three 
ionisation states. (e-f) Epifluorescence micrographs of unheated CPx solutions prepared at pH 7.4 and sequentially adjusted to 
different pH values (top-right insets). Scale bars = 50 µm. In all cases [CPx] = 100 µM and [ThT] = 10 µM. 

 
Structural characterisation of CPx nanosheets 

The spectroscopic FT-IR analysis of CPx nanosheets 
showed a band at 3267 cm-1 (N-H stretching) and the 
characteristic bands at 1674 and 1627 cm-1 for amide I, and 
at 1540 cm-1 for amide II, which were consistent with 
amide bonds compromised in parallel β-sheets (Figure 
S23).47,48 Additionally, the circular dichroism (CD) 

spectrum of the nanosheets showed a positive Cotton 
effect located at 224 nm (Figure S24), almost identical to 
the profile previously reported for indole stacks in 
tryptophan-rich peptide hairpins.49 The CD spectrum 
recorded at 80°C showed the same profile –only weaker– 
as that of 2D nanosheets (Figure S24), which confirms the 
disassembly of the system to its 1D state with heat, and 
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not to an achiral monomeric state. A control peptide of 
CPx with the two leucines replaced for alanines (CPxAla) 
only assembled aggregated fibres and few undefined 
sheets under the same conditions, which further supports 
the key role of leucine zippers in the stabilisation of the 
ordered 2D packing of nanotubes (Figure S25). Therefore, 
FT-IR, CD and control experiments supported the parallel 
β-sheet configuration and tryptophan stacking in the 
nanosheet architecture (Figure 1). 

To further prove the importance of CPx’s sequence for 
nanosheet assembly, two more structural variations were 
explored: CPx-Glu (Figure S26) and CPx-His (Figure S27) 
have neutral glutamines replacing the two glutamic acids 
and histidines of the native structure, respectively. 
Neither of these two new variants was able to assemble 
nanosheets, which confirmed the critical importance of 
the imidazole and the carboxylate groups in the 
hydrophilic domain, and hence the design principles 
described in this manuscript. 

Atomic force microscopy (AFM) of CPx nanosheets 
deposited on mica revealed a constant height of 3.2 nm 
along the cross-section of the 2D ensemble (Figure 4a). As 
previously observed by STEM, the sonication of 
nanosheet suspensions allowed the imaging of transition 
states corresponding to laterally associated nanotubes. 
Individual nanotubes exhibited heights of ca. 1.6 nm by 
AFM (Figure 4b), which were consistent with a 
nanotubular bilayer forming the 3.2 nm thick nanosheets. 
The internal structure of CPx nanosheets was studied by 
wide angle X-ray scattering (WAXS) from a supported dry 

suspension of nanosheets (see Methods). WAXS analysis 
showed scattering signals at 4.8 and 16.7 Å, which can be 
correlated to the axial spacing of cyclic peptides along the 
nanotubes and the distance between nanotube plains in 
the proposed 2D arrangement, respectively (Figure 4c). 
Together, the dimensions found by AFM and WAXS are 
in agreement with the values reported in the 
literature40,47,50 for other cyclic D/L-peptide nanotubes.51 

Molecular geometry optimisations were conducted 
using density functional theory (DFT) calculations to 
model the arrangement of CPx units based on previously 
reported crystal structures of cyclic peptide nanotubes 
(see Methods).47 The energy minimisation of a CPx dimer 
in parallel β-sheet conformation showed an axial spacing 
between peptide rings of 4.7 Å, which is in agreement 
with the WAXS results and the expected distance for a 
hydrogen bonded β-sheet (Figure 4d). Furthermore, the 
calculated dimer also showed additional hydrogen 
bonding and face-to-face π-π stacking between 
superimposed glutamine and tryptophan residues, 
respectively. Repeats of CPx units from the calculated 
structure arranged in the proposed bilayer architecture 
(Figure 1d) afforded spacings matching the experimental 
values observed by AFM and WAXS (Figure 4d). In 
summary, the FT-IR analysis, CD, AFM, WAXS and DFT 
calculations confirmed the proposed tubular bilayer 
architecture with intercalated peptide units, which are 
stabilised by leucine zippers between adjacent nanotubes 
from each layer (Figure 1d and 4d).47 

 

 

Figure 4. Structural characterisation of CPx supramolecular nanosheets. (a-b) Atomic force microscopy (AFM) images and 
height profiles of a nanosheet (a) and a sonicated sample of sheets (b) deposited on mica. Scale bar = 4 µm (a) and 1 µm (b). (c) 
Wide angle X-ray scattering (WAXS) profile of a dry sample of nanosheets. (d) Density functional theory (DFT)-minimised CPx 
stacked dimer (left) and DFT-minimised CPx monomers in the proposed 2D arrangement (right) highlighting the distances 
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found by AFM and WAXS: a = 4.8 Å, b = 16.7 Å, c = 3.2 nm. Scattering plains established by the 2D nanotubular bilayer are 
indicated with dashed lines. 

 

DISCUSSION 
The supramolecular nanosheets reported here 

constitute a conceptually new 2D material in terms of 
structure, properties and design. Unlike many 2D 
allotropes, CPx nanosheets are flexible and self-
assembled in aqueous solution without complex 
formulation steps (e.g. exfoliation or interfacial 
nucleation).15 Indeed, other methods (e.g. surface-
assisted peptide assembly52 and organic-inorganic 
composites53) have produced giant 2D supramolecular 
structures, but CPx nanosheets stand out as one of the 
largest fully organic supramolecular 2D materials self-
assembled in solution. This 2D structure showed dynamic 
behaviour in response to temperature and pH, which 
caused remarkable long-range (i.e. micrometric) yet 
reversible transitions between different supramolecular 
states, while preserving the memory of the system to 
reassemble in 2D (Figure 3). Temperature-dependent 
experiments are consistent with the 2D arrangement of 
CPx as the thermodynamic product of the self-assembly 
process. Spectroscopic CD and FT-IR analysis confirmed 
the formation of parallel β-sheets and tryptophan stacks, 
which would imply the establishment of leucine zippers 
to stabilise the hydrophobic packing of the nanosheets. 
Indeed, control experiments with a peptide where the 
leucines were replaced by alanines (CPxAla) confirmed 
the key role of leucines in the 2D supramolecular 
network. pH titrations also demonstrated the importance 
of glutamic acids and the overall anionic charge of CPx to 
assemble defined and extended 2D nanosheets, which 
result from an interplay between attractive forces (i.e. H-
bonding and hydrophobic effects) and repulsive 
Coulombic interactions. Likewise, control peptides 
without glutamic acids (CPx-Glu) or histidines (CPx-His) 
did not assemble supramolecular nanosheets, which 
proves the importance of the hydrophilic domain of CPx 
for its two-dimensional self-assembly. Design-wise, this 
work sets a stepping-stone in the hierarchical control of 
self-assembly across different dimensions by repurposing 
supramolecular 1D cyclic peptide nanotubes for 
subsequent 2D association. Although STEM, DLS and CD 
experiments prove the 1D-to-2D self-assembly pathway 
during nanosheet annealing, an equilibrium of CPx units 
between the monomer, 1D and 2D states could take place 
after annealing. Also, the high aspect ratio of certain 
nanosheets suggests distinct growth rates in 1D and 2D, as 
expected from the different interactions involved in each 
elongation and the higher stability of 1D nanotubes to 
heat. 

CONCLUSIONS 
This work presents the first two-dimensional self-

assembly of D/L-alternating cyclic peptides by sequential 
1D-to-2D supramolecular polymerisation. The primary 

amino acid sequence of the cyclic peptide described here 
(CPx) encoded all the chemical information required to 
establish the secondary β-sheets that arranged into 
tertiary 1D nanotubes, which subsequently self-assembled 
into 2D supramolecular nanosheets. These nanosheets 
constitute one of the largest 2D supramolecular materials 
ever assembled in aqueous solution, reaching lateral 
dimensions in the high micron-range and a constant 
nanometre thickness. The adaptive response to external 
stimuli such as pH and temperature allowed the dynamic 
disassembly, aggregation and reassembly of this new 2D 
material in the mesoscale. Overall, we have introduced 
the design principles for a simple cyclic peptide that 
undergoes hierarchical and controlled self-assembly 
across two dimensions. This innovative strategy will 
promote the development of a new class of 2D hollow 
supramolecular systems, which could have strong 
implications in size-selective ion and molecular storage, 
micron-scale transporters and biocompatible membranes 
that respond to their medium. 

METHODS 
Peptide synthesis and characterisation. Cyclic 

peptides were synthesised following procedures 
previously reported by our group (see Supporting 
Information for details). 

2D supramolecular assembly of cyclic peptides. A 
solution of cyclic peptide (e.g. CPx; 100 µM) in 20 mM 
phosphate buffer at pH 7.4 was gently vortexed for 10 s 
and then incubated in the dark at 80°C for 1.5 h without 
shaking. Then, the sample was stored at room 
temperature (R.T.) for 1 h to assemble the 2D 
supramolecular nanosheets. Samples to be imaged by 
fluorescence microscopy also contained thioflavin-T (10 
µM) at the start of the heating process. Unheated samples 
were prepared likewise, only skipping the sequential 
heating (80°C/1.5 h) and cooling (R.T./1 h) steps. Unless 
specified, all nanosheets were prepared with one heating-
cooling cycle. Samples annealed at different temperatures 
followed the heating-cooling cycle indicated here, only 
the heating step took place at the temperatures indicated 
in Figure S20. 

Microscopic imaging of nanosheets and 
nanotubes. For epifluorescence and cross-polarised 
microscopy, 10 µL of nanosheet suspension were spotted 
on glass slides and the sample was left to dry completely 
at room temperature in the dark before imaging. For 
STEM, a nanosheet suspension was diluted 100-fold with 
MilliQ water, then 5 µL spotted on a TEM grid and the 
sample was imaged once dry without washing nor 
staining. For AFM, 5 µL of a nanosheet sample were cast 
on mica, left to dry, and then gently washed with MilliQ 
water (5 µL x5). Nanotube samples were imaged likewise 
using a nanosheet sample diluted 10-fold with MilliQ 
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water, only this time the sample was sonicated for 30 min 
before deposition. 

Heating-cooling (dis)assembly of nanosheets. For 
thioflavin-T emission experiments (Ex=430 nm; Em=440-
600 nm), an unheated nanosheet sample containing 
thioflavin-T (10 µM) was heated from 20°C to 80°C in 10°C 
steps with 5 min of stabilisation at each T point (Figure 
3a). After the final measurement (i.e. 80°C), the 
instrument was set at 20°C and fluorescence emission was 
monitored over time as the sample cooled down (Figure 
3b; data normalised to the maximum emission observed). 

pH-dependent nanosheet morphology. The pH of 
an unheated nanosheet sample containing thioflavin-T (10 
µM) was adjusted with 100 mM HCl or NaOH by gentle 
mixing to avoid foaming. At each pH step, 10 µL of this 
unheated sample were spotted on glass slides and imaged 
by epifluorescence microscopy once dry (Figure 3e-f). 
Cycles between pH 7.4 and 6.0 were studied with heating-
cooling cycles (i. 80°C/1.5 h; ii. R.T./1 h) at each pH step 
before imaging (Figure S22). 

WAXS measurements. Sample scattering was 
measured at 2 degrees in the phi axis, with an exposure 
time of 300 s per frame, and the Debye rings were 
integrated with the Bruker SAINT software package using 
a narrow-frame algorithm. Two samples were recorded 
from a mounting loop, one just containing paratone oil as 
background contribution (i.e. blank), and the second one 
composed of a dry sample of supramolecular nanosheets 
suspended in paratone. The integrated data without the 
background contribution (Figure 4c) was obtained from 
the subtraction of the former sample to the latter with the 
software HighScore Plus. 

DFT calculations. For the calculated molecular 
geometries, the core cyclic peptide backbone was 
constructed using the crystal structure reported by 
Chalmers et al.,47 whose amino acid side chains were 
modified to match those of CPx, and the cyclic peptide 
backbone was kept frozen during the geometry 
optimisation. All the calculated molecular geometries 
were first optimised using the semi-empirical method 
PM6.54 The monomer and dimers geometries were then 
further optimised using the M06-2X functional and the 6-
31G* all-electron basis set,55 as implemented in 
Gaussian09/D.01.56 In all cases, the absence of imaginary 
frequencies confirmed that the found geometries 
corresponds to a local energy minimum. The calculated 
structure is provided as Cartesian coordinates in the 
native XYZ file format. 
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