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Abstract: The inherent ability of peptides to self-assemble with
directional and rationally predictable interactions has fostered a
plethora of synthetic two-dimensional (2D) supramolecular
biomaterials. However, the design of peptides with hierarchical
assembly in different dimensions across mesoscopic lengths remains
a challenging task. We here describe the structural exploration of a
D/L-alternating cyclic octapeptide capable of assembling one-
dimensional (1D) nanotubes in water, which subsequently pack
laterally to form giant 2D nanosheets up to 500 pm long with a
constant 3.2 nm thickness. Specific amino acid mutations allowed the
mapping of structure-assembly relationships that determine 2D self-
assembly. Nine peptide modifications were studied, revealing key
features in the peptide sequence that nanosheets tolerated, while a
total of three peptide variants included modifications that
compromised their 2D arrangement. These lessons will serve as
guide and inspiration for new 2D supramolecular peptide designs.

Introduction

Two-dimensional (2D) self-assembly is currently attracting great
attention as a versatile platform to access new responsive
materials with high surface-to-volume ratios.*-®! A wide variety of
organic scaffolds have been assembled in 2D by means of all
sorts of supramolecular interactions: from host-guest chemistry, -
% to metal complexation,!% electrostatic forces*-*¥l and
orthogonal polar and  hydrophobic  interactions.4-2l
Supramolecular 2D materials display structural adaptability based
on their reversible non-covalent bonds, thus allowing controlled
dynamic polymorphism.”-1%1 On the other hand, covalent 2D
materials provide higher structural robustness at the expense of
supramolecular responsiveness,?%?U |eading to highly porous
covalent organic frameworks of high crystallinity.?>23 However,
biological compatibility can hamper the translation of these
artificial 2D structures to medical devices and new-generation
nanomaterials.

Natural biomolecules, primarily lipids, are present in cells as
supramolecular 2D membranes that regulate important cellular
functions, such as communication and cell division.?¥ Non-
canonical biomolecular 2D assemblies (i.e. not based on lipids)
can be obtained through DNA origami with remarkable shape
control.2I Alternatively, peptides display spatially organised and
well understood supramolecular interactions from their
backbones and side chains for inter- and intramolecular self-
assembly in water.l?6-281 Synthetic designs capitalise on known

natural peptide motifs to access new supramolecular
architectures - and applications,??!  for example, catalytic
nanotubular ensembles,® cell-targeted drug nanovehicles,B4
fuelled dissipative fibrillators,®2 ultra-highly stable protein
nanostructuresi®! and artificial molecular transporters.?4 These
developments provide valuable insight for the design and
understanding of supramolecular peptide assemblies and derived
applications.[?429

Amphiphilic peptides with segregated polar and apolar faces have
been assembled in 2D membranes of very different internal
structure.®531  These systems range from short peptide
amphiphiles,®1 to oligoproline weaves,P® trimeric peptide
helices, protein-metal networks*? and non-natural peptoids,*!
amongst others. Important supramolecular learnings can be
derived from this wide variety of non-covalent 2D peptide
assemblies. For example, specific residue solvation was proven
to control supramolecular elongation in 1D or 2D.*2 The
Conticello group introduced the concept of geometrically
frustrated self-assembled peptides,*344 where minor structural
modifications in the monomeric units can induce local
deformations that propagate through the network allowing
predictive and size-controlled nanofabrication.®>4¢1 Applications
of peptide-based 2D materials range from molecular recognition
and binding®” to artificial membranes,*® scaffolds for cell
growth*d and self-replicative polymerase mimics.%

Despite the development of non-canonical 2D peptide
membranes, the polymorphic and multidimensional self-assembly
of peptides along micrometric length scales remains challenging.
Understanding the design principles behind such hierarchical
organisation could open access to new multifunctional and
adaptive  supramolecular 2D materials. Examples of
multidimensional peptide assembly include amphiphilic peptides
that sequentially form 1D fibrils via B-sheet interactions, which
then oligomerise in 2D through lateral side chain interactions.®52
Likewise, p-amyloid peptides can undergo sequential
multidimensional self-assembly in acidic media, transitioning from
1D fibres to 2D nanosheets that eventually coil up into 1D
nanotubular scrolls.53 However, many of these systems are
based on natural peptide structures and folding motifs, making
non-natural peptide analogues necessary to expand the
architectures and applications accessible with supramolecular 2D
materials.

Cyclic peptides with alternating D/L amino acids are artificial
structures known to self-assemble in agueous media as 1D
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nanotubes via inter-backbone H-bonding.®¥ Thus, flat peptide
rings undergo supramolecular polymerisation into nanotubes
stabilised by longitudinal B-sheet networks, with amino acid
side chains projected from the surface of the tubes.® Cyclic
peptide nanotubes find application as artificial membrane
transporters,®  minimal  models of natural  protein
organisation,®®%° and their polymer conjugates have been
studied for drug delivery.[6061

Beyond 1D self-assembly, our group has recently reported an
amphiphilic cyclic peptide (CPx) capable of forming nanotubes
that subsequently pack in 2D to give giant supramolecular
nanosheets with micrometric dimensions (Table 1).% Design-
wise, the octapeptide CPx consists of a hydrophobic tripeptide
(Leu-Trp-Leu) that drives the bilayer packing of nanotubes in
water, while also leucine zippers established between adjacent
tubes provide directionality in the 2D elongation. The remaining
residues of CPx provide a polar anionic corona that maintains
nanosheets extended and prevents supramolecular collapse.
Despite this basic structural understanding, the sequence-
assembly relationships of multidimensional self-assembling cyclic
peptides remains to be discovered to unlock their full potential.
Here, we report a systematic structural modification at key
positions of CPx to assess their effect on 2D nanosheet assembly.
The amino acid mutations carried by these peptide variants
provide valuable information in the hydrophilic and hydrophobic
domains of the 2D assemblies to guide future supramolecular
peptide designs and materials.

Results and Discussion

Structural derivatives of the original nanosheet-forming cyclic
peptide CP[%4 were designed targeting three key positions to
screen structure-assembly relationships (Table 1). Firstly, the
central hydrophobic residue in the parent structure, tryptophan,
was replaced for other non-polar amino acids, spanning from non-
aromatic (alanine, CPa, and leucine, CPL) to a less bulky aromatic
residue (phenylalanine, CPg). Secondly, the hydrophobic leucines
that mediate 2D assembly via lateral association of 1D nanotubes
were replaced for aromatic phenylalanines (CP2r). Substitution of
all three hydrophobic residues (i.e. leucines and tryptophan) for
phenylalanines (CPsF) was also explored to remove structural
differences between the centre and sides of the peptide’s
hydrophobic face. Finally, the polar face of the peptide bearing
orthogonally arranged histidine and glutamic acid residues was
altered: CPoe loses the frontal mismatch of histidines and
glutamics, while CP2e2n segregates these residues into two
homodimeric domains. Also in this polar region, replacement of
histidines for more basic lysines (CPx) and a fully anionic variant
with four glutamic acids (CP4g) completed the library explored.
Glutamine’s position (Rs) was kept constant throughout the library
of CPs tested for being the common anchoring point of the
peptides to their solid support during synthesis, which being
neutral and hydrophilic, it should not interfere with our peptide
structure-assembly study. Cyclic peptides were synthesised on
solid phase using conventional Fmoc chemistry and orthogonal
O-allyl protecting group at the C-terminus for cyclisation (see
Supporting Information).
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Table 1. Chemical structures of all cyclic peptides covered in this study and
depiction of their sequential self-assembly in one-dimensional (1D) nanotubes
and two-dimensional (2D) nanosheets. Nanotubes consist of cyclic peptides
stacked via hydrogen bonds (dashed lines), while nanosheets form by lateral
association of tubes as leucine zippers (yellow connectors).

/NHL“\ 1D

":‘HNB,\E,NH{ R

R

Peptide R: R2 Rs R4 Rs Rs Rz Rs

CP | Glu His Leu Trp Leu Glu His  GIn yes

CPa Glu His Leu Ala Leu Glu His Gin yes

CPL Glu His Leu Leu Leu Glu His Gin yes

CPe Glu His Leu Phe Leu Glu His Gin yes

CPa2r Glu His Phe Trp Phe Glu His Gin yes

CP3e Glu His Phe Phe Glu His Gin yes

CPoe Glu His Leu Trp Leu His Glu Gin yes
CP2g2n His His Leu Trp Leu Glu Glu Gin no

CP«x Glu Lys Leu Trp Leu Glu Lys Gin no

CP4 Glu Glu Leu Trp Leu Glu Glu Gin no

[a] Original peptide structure from previous work: amino acid mutations from this
parent structure are highlighted in bold.®? [b] Does the peptide form 2D
nanosheets? See Figure 1.

To study nanosheet formation, all new cyclic peptides were
dissolved in 20 mM sodium phosphate buffer at pH 7.4 and
solutions were temperature-annealed as reported previously:2 i)
80°C/1.5 h; ii) room temperature/1 h. This process provides
thermodynamic control over the stepwise 1D-to-2D assembly of
nanosheets, as 1D nanotubes are the only supramolecular
ensemble present at 80°C, which then associate in 2D upon
cooling at room temperature. All samples inspected by
epifluorescence microscopy contained thioflavin-T, a fluorescent
strain-sensitive probe that planarizes in hydrophobic pockets
within the assembly, resulting in enhanced green fluorescence
and thus reporting on supramolecular morphology. 3 Microscopic
inspection of these samples revealed 2D nanosheets in six of the
nine new peptide designs explored (Figure 1).

Mutation of the central hydrophobic residue tryptophan in the
original peptide was surprisingly well tolerated. In this position, a
much smaller alanine residue (CPa) and non-aromatic leucine
(CPL) led to the formation of large micrometric nanosheets
(Figure 1). Even the analogue CPr, bearing an aromatic
phenylalanine residue instead of tryptophan, assembled in 2D.
Regarding mutations of the two original leucine residues in
positions Rz and Rs (Table 1), it was previously demonstrated that
an analogue bearing smaller and less hydrophobic alanine
residues instead of leucine lost most of its 2D assembling capacity,
forming fibrillar structures with a few small sheets.’®? Based on
this result, a more hydrophobic and aromatic residue was



explored, phenylalanine, which should establish alternative
phenylalanine stacks to drive the 2D arrangement of the tubes
(CP2Fr). Microscopic analysis of CP2r showed well defined and
extended nanosheets, demonstrating the tolerance of this key
position for 2D assembly to be replaced for other hydrophobic
residues (Figure 1). Motivated by the positive results obtained
with both CP2r and CPr (vide supra), a variant with all three
hydrophobic positions (Rss, Table 1) incorporating phenylalanine
residues was investigated, CPsr. Remarkably, the longest
nanosheets across the collection of peptides presented here were
found in samples of CPsr, reaching over 500 um in length,
approximately twice as long as the largest nanosheets previously
found for the parent peptide CPx (ca. 260 um).? However, CPsr
also showed background peptide aggregates in nanosheet

ol
1)0 NH

N
(‘)'_\_(W CPK WH (0
A
(i

@NH;

Figure 1. Chemical structures and epifluorescence micrographs of cyclic peptides (50 uM, pH 7.4) annealed for 2D self-assembly (i.

While the hydrophobic region of the cyclic peptides showed
substantial structural flexibility, variations in the polar ionic region
of the parent peptide, consisting of alternating glutamic acid and
histidine residues (i.e. positions Ri1» and Rs.7, Table 1), revealed
important design requirements for nanosheet assembly. CPoE,
which stands for outer glutamic acids, has symmetrically
distributed ionic domains unlike the original mismatched design of
CPx. CPoe formed well defined nanosheets regardless of this
sequence alteration. However, segregation of glutamic acid and
histidine residues on two opposite sides of the peptide completely
inhibited nanosheet formation (CPzezn, Figure 1). These results
indicate that, despite allowing order variations, glutamic acid and
basic histidine residues must be placed together in the peptide
sequence. This requirement is probably due to the weakening of
like-charge repulsions from glutamic carboxylates by partially
protonated histidines (pKa~6.0).
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samples, suggesting a certain degree of disordered hydrophobic
packing (Figure 1). Same as CP., with all three hydrophobic
positions filled with the same leucine residue, CPsr does not
segregate different amino acids in the hydrophobic tripeptide
domain (Table 1). This lack of hydrophobic mismatch between
side and central non-polar residues might compromise the lateral
association of tubes via leucine or phenylalanine zippers
specifically between residues Rs; and Rs. Therefore, the high
degree of wrinkling of CPL and CPsr nanosheets, together with
the background aggregation of the latter, may result from the
interference of the central hydrophobic residue in the 2D
elongation.

80°C/1.5 h; ii. room
temperature/1 h) in presence of thioflavin-T (10 pM). Green ticks and red crosses indicate the ability or inability of peptides to assemble 2D nanosheets, respectively.
Modified amino acids from the original CPx structure are highlighted over a grey background. Scale bars = 50 pm.

Substitution of histidines in the parent peptide for more basic
lysine residues (pKa~10.6) was also explored to assess the ability
of a fully ionized peptide with zero net charge to assemble
nanosheets. Unfortunately, CP« did not form nanosheets (Figure
1), indicating that a certain repulsive character is required for
cyclic peptides to assemble in 2D. Being charge repulsions
necessary for self-assembly, a derivative with four anionic
glutamic acids was evaluated. However, CP4e was also unable to
assemble nanosheets, probably as a result of very high energy
barriers derived from this more self-repulsive and strongly anionic
structure (Figure 1).

It has been shown that cyclic peptide self-assembly can be
triggered by pH and ionic strengthl585962 a5 a means to balance
the electrostatic forces between peptide monomers. Hence, we
also tested the formation of nanosheets with cyclic peptides
unable to assemble in 2D under the general conditions used here
(i.e. 20 mM sodium phosphate buffer at pH 7.4) at different pH



and NaCl concentrations. CP2e2n, was unable to form nanosheets
at neither pH 7.4, 4.0 nor 2.0, as the peptide’s net change
transitions from fully anionic to fully cationic (Figure S19).
Interestingly, CP4 showed very small platelets (3.7+0.4 pm;
n=20) at pH 4.0, which matches glutamic acid’s pKa, that could
arise form a 1:1 equilibrium between repulsive anionic and
attractive neutral ionisation states (Figure S20). These platelets
disappeared at pH 2.0, where no electrostatic repulsion between
fully neutral CP4 units exists. With regards to electrostatic
shielding by salts, addition of NaCl up to a concentration of 100
mM did not trigger nanosheet formation with neither CP2e21 nor
CP4e (Figures S21-22). Overall, these results confirm the
stronger sequence dependence of amphiphilic cyclic peptides for
sequential 1D and 2D self-assembly over external stimuli such as
pH and ionic strength.

Microscopic analysis of the new peptide assemblies was
performed to confirm the structural analogy with the original CPx
nanosheets, consisting of laterally bound nanotubes forming a
staggered bilayer (Table 1). CPa was selected as a
representative peptide across the collection, showcasing an
important reduction in bulkiness and hydrophobicity from the
original tryptophan position. Additionally, CPa lacks the n-n
stacking and H-bonding capacity of the parent CPx as a result of
this single amino acid replacement. Scanning-transmission
electron microscopy (STEM) of CPa nanosheets showed
homogeneous film surfaces with localized signs of tearing, where
the backward 2D to 1D disassembly of the system revealed
laterally associated nanotubes (Figure 2A-B). This continuous
transition between 2D and 1D states along the same nanosheet
was previously observed in the original CPy,® and it confirms the
nanotubular composition of the new 2D assemblies. As expected,
the corresponding atomic force microscopy (AFM) of CPa
nanosheets showed heights between 3.1 and 3.3 nm, which were
consistent with the 3.2 nm height previously found in CPx
nanosheets (Figure 2C-D). Hence, STEM and AFM analysis
confirmed the nanotubular bilayer structure of the nanosheets
obtained from the cyclic peptides investigated in this study (Table
1), identical to the supramolecular architecture found in the
original CPx nanosheets.[6?

Height (nm)

05 10 15
Section (um)
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Figure 2. STEM (A-B) and AFM (C) images of CPa nanosheets. (D) AFM Z-
height profile of the blue section across a folded nanosheet. Scale bars: 300 nm
(A), 100 nm (B) and 2 um (C).

Conclusion

In this paper we describe the systematic structural exploration of
an octameric D/L-alternating cyclic peptide capable of sequential
self-assembly in aqueous medium in 1D and 2D. Three key
positions in this parent octapeptide sequence (CPx) were
targeted: its central hydrophobic group, the two lateral
hydrophobic amino acids responsible for 2D growth, and the
acidic and basic residues that establish the polar shell of the final
assembly. From the nine new peptide structures presented here,
six of them could form 2D nanosheets (Figure 1). Overall,
modifications " in the central hydrophobic position, originally
occupied by tryptophan, were very well tolerated, with alanine
(CPa), leucine (CPL) and phenylalanine (CPr) showing 2D
assembly. Replacement of leucine residues as nanotubular side
connectors for phenylalanine zippers preserved the lateral
connectivity and 2D assembling capacity of the parent peptide
(CP2r and CP3E). It was also demonstrated that ionizable glutamic
and histidine residues must be placed together in the peptide
sequence regardless of their order (CPoE), but never segregated
on different sides of the peptide (CPz2e2n). Peptides with no
electrostatic repulsion (CPk) or with a very strong one (CP4g) did
not form nanosheets, lacking for either reason the balanced
repulsive _component required to extend the mesoscopic 2D
structure of these nanosheets. Finally, STEM and AFM analysis
demonstrated the internal structure of these supramolecular 2D
nanosheets as bilayers of laterally arrayed 1D nanotubes,
analogous to the original CPx, thus proving the tolerance of this
2D system to certain amino acid alterations. Overall, these results
provide important design rules for the self-assembly of peptides -
not only cyclic sequences- and derivatives thereof (e.g. peptoids
and non-peptide conjugates) in aqueous solution, with future
potential application in biomaterial design, nanotechnology,
medicine and cellular engineering.

Experimental Section

Nanosheet annealing. Cyclic peptides were dissolved to a concentration
of 50 uM in sodium phosphate buffer (20 mM, pH 7.4) and solutions were
sonicated for 5 min. Then, samples were incubated without shaking at
80°C for 1.5 h. Next, peptide solutions were stored at room temperature
for 1 h, where 2D elongation takes place. For nanosheet formation at a
different pH or in presence of NaCl, cyclic peptide solutions prepared
likewise were adjusted in pH or NaCl concentration and then sonicated
and temperature-annealed as indicated above.

Epifluorescence microscopy. 10 pL of cyclic peptide samples annealed
in presence of 10 uM thioflavin-T (vide supra) were deposited on glass
slides and left to dry completely overnight in the dark at room temperature
before imaging (Ex=475/35 nm; Em=530/43 nm).

Scanning-transmission electron microscopy (STEM). Annealed
nanosheet samples were diluted 10-fold with water and 4 pL spotted on
Cu grids. Once dry, samples were imaged without washing nor staining.

Atomic force microscopy (AFM). Annealed nanosheet samples were
concentrated by centrifugation (10 krcf/10 min), resuspending the pellet in



water by gentle pipetting using a tenth of its original volume. 5 pL of this
10-fold concentrated sample were spotted on mica, left to dry, and imaged
by non-contact mode AFM.

Note. Neither STEM nor AFM samples contain thioflavin-T.

Full details on the synthetic procedures and experimental protocols can be
found in the electronic supporting information in: https://chemistry-
europe.onlinelibrary.wiley.com
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Two-dimensional (2D) supramolecular materials combine the responsiveness of hon-covalent systems with the capacities of high
surface materials. Hierarchical peptide self-assembly provides a powerful platform for the nanofabrication of new biocompatible 2D
architectures. We describe here the structure-assembly relationships of a cyclic octapeptide capable of sequentially assembling one-
dimensional (1D) nanotubes and 2D nanosheets in aqueous environment.
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