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2D Assemblies Based on a Tetraphenylethylene D,L-Cyclic Peptide
Scaffold
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David Delgado-Gestoso, Sébastien Ulrich, Javier Montenegro,* and Juan R. Granja*

Abstract: Two dimensional (2D) materials and aggregation-induced emission (AIE) fluorophores have recently gained
attention due to their unique properties and application potential. However, the combination of AIE probes into 2D
self-assembled systems under nanometric control remains elusive due to the sensitivity of supramolecular assemblies
to subtle changes in the monomer structure. Herein, we present a new scaffold based on four nanotube-forming cyclic
peptide (CP) units attached to a tetraphenylethene (TPE) core whose pH-dependent self-assembly results in light-emitting
2D nanosheets. An oxime bond connection was exploited to synthesize a discrete library of tetrakis-(cyclopeptide)
tetraphenylethene monomers that self-assemble into 2D macrotubular nanoarrays under the suitable external stimulus.
This new tetrameric CP motif tolerates a broad range of molecular modifications, both on the peptide backbone and TPE
core, without compromising the integrity of the 2D self-assembly. We also discovered that adjusting the molecular structure
of the TPE aromatic core enabled precise height control of the supramolecular nanosheets. The alignment of the histidine
residues within neighboring CPs allowed the application of 2D nanoarchitectures as enzyme mimics with esterase activity.
The excellent tolerance to molecular diversity in both the external CP moiety and the internal aromatic AIE core, invites
the design of new functional 2D supramolecular materials.

Introduction

Since graphene was discovered in 2004,[1] the development
of new 2D materials has grown in importance due to
their physicochemical properties.[2] The design of suitable
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synthetic methodologies is essential to tackle the obtention of
well-defined materials with customized properties.[3] Interest
in these materials is based on their unique properties,
including their high morphological anisotropy, ultra-thin
thickness, and a large surface area with numerous surface-
active sites, along with other such as their unique electronic
or magnetic properties. These characteristics make them
promising candidates for use in applications such as catalysis,
sensing, and energy conversion and storage. In the last years,
molecular self-assembly has gained importance as it allows
controlling the organization properties of nanostructures by
encoding their information at the molecular level through the
precise design of their basic building blocks.[4–6] A range of
scaffolds such as peptides,[7–18] peptoids,[19–23] proteins,[24–31]

nucleic acids,[32–37] polymers,[38–45] and others[46–49] have found
applications on nanotechnology,[29,30,36,37] biology[14,16,22,23,31]

or catalysis.[13,15,29] Peptides and proteins are of particular
interest because they can be easily prepared by solid-phase
or biotechnological strategies, they can be self-assembled
according to their amino acid sequence, they are biocom-
patible and biodegradable,[50] and they can be combined
with aromatic functional groups in hybrid biosupramolecular
architectures.[51] Recently, we have unraveled the design
parameters and potential structural requirements for the 1D
to 2D self-assembly transition of nanotube forming cyclic
peptides.[17,18] A number of oriented hydrophobic residues
were required as noncovalent contact points for the aqueous
assembly of bilayers or monolayers[52] of peptide nanotubes.
A hydrophilic domain of ionizable residues (e.g., glutamic
acids) balanced by neutral amino acids (e.g., histidine) was
also required to avoid aggregation and maintain the aqueous
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Figure 1. Schematic representation of the assembling into 2D nanosheets triggered by pH of model 4CP-U-TPE.

integrity of ionized 2D supramolecular nanosheets. However,
the stability of this 2D supramolecular assembly was sensitive
to subtle modifications in the peptide sequence, particularly in
the order and chemical nature of the hydrophilic amino acids
that maintained the charge balance.[18] While these features
conferred a dynamic character to these 2D systems from cyclic
peptide monomers, new designs are called for the customized
assembly of self-sustained tubular nanosheets with robust
stability over a wide range of surface functional groups.
Furthermore, these nanosheets lack of intrinsic fluorescent
properties, therefore they require the addition of external
fluorescent binding probes for their visualization.

Fluorescence emission of supramolecular aggregates can
be achieved by the incorporation of aggregation-induced
emission (AIE) probes. Tang et al. introduced this con-
cept, using the 1-methyl-1,2,3,4,5-pentaphenylsilole.[53] While
many of the commonly used dyes are susceptible to
aggregation-caused quenching, the AIE chromogens exhibit
weak luminescence in bulk solution, but their emission prop-
erties increase upon self-assembly.[54–56] The particular physic-
ochemical properties of AIE probes[57] allow their implemen-
tation in various applications such as optoelectronics, biosen-
sors, and smart materials.[54,57–62] One of the most used AIE
dyes is the TetraPhenylEthene (TPE) due to its easy synthesis
and incorporation of structural modifications, in addition to
its emissive properties.[63] Over the years TPE derivatives
have been incorporated to peptides,[64–70] polymers,[71–74] or
other organic molecules.[75–81] A variety of different structures
and materials have been developed, such as gels,[67–69,82]

nanoparticles,[66,72,73,77] and cages,[69,72,75,83] that were then
applied in sensing,[64,68,72,78–80,84–87] optoelectronics,[88] or
imaging.[65,68,70,73,74,81] Over the years, several TPE-based
smart hybrid systems have been shown to enable the assembly
of supramolecular 2D nanostructures.[67,79,82,84,89,90] However,
the supramolecular design potential and functional capacity
of TPE aromatic cores that are substituted with complex
organic scaffolds has yet to be discovered.

Herein we present a new synthetic design[91] for the robust
2D assembly of cyclic peptide nanotubes whose minimal
structural unit (4CP-U-TPE) is based on a hydrophilic shell
consisting of four cyclic peptides (CPs) that are connected to
an aromatic TPE core through oxime bonds (Figure 1). The
outer layer CPs surrounding the TPE core were selected with

the idea of allowing pH-mediated control of their assembly.
Both components, CPs and TPE are key in the supramolecu-
lar polymerization by establishing directional hydrogen bonds
and π ,π -interactions capable of guiding their hierarchical
assembly into final 2D films. The versatility of this strategy
in combining tetracarbonyl TPE scaffolds with alkoxyamine-
equipped cyclic peptides allows molecular engineering of each
component of this molecular hybrid without compromising
their robust self-assembly into 2D architectures. Modifica-
tions to the peptide sequence, the aromatic core, or the length
of their connectors can be applied to the preparation of robust
nanosheets with nanometric control and customized chemical
functionalities. These structures were characterized by atomic,
electron and fluorescence microscopy, different spectroscopic
techniques, and x-ray scattering showing the aqueous assem-
bly of self-sustained large 2D supramolecular structures.

Results and Discussion

Molecular Design and Synthesis

CPs with an even number of alternating d,l-amino acids
have the ability to self-assemble into nanotubes, known as
self-assembly cyclic peptide nanotubes (SCPNs).[92] These
structures are formed by staking different monomers on top
of each other guided by the formation of a β-sheet type H-
bonding networks along the tubular longitudinal axis. This
versatile supramolecular structure allows the control of the
nanotube diameter by adjusting the number and type of
amino acids and external tubular properties according to
the primary amino acids sequence. This fine control over
the final structural properties permits their use as functional
materials such as selective ion channels, tubular composites,
or supramolecular antibiotics, among others.[93–95]

Previous studies of CP1K scaffold (Figure 2) functionalized
with different aromatic moieties showed its ability to self-
assemble forming hydrogels under neutral or basic conditions.
In this hierarchical process, peptide monomers are initially
assembled into nanotubes whose aligned aromatic units
are cluster and crosslinked to form fibers (SCPN bundles)
capable to retaining water molecules within their structure
to give rise to self-healing hydrogels.[96,97] The resulting
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Figure 2. Synthetic scheme used in the preparation of 4CP1K-U-TPE.

fibers consist of a hydrophobic central core composed by
the cluster of arene moieties surrounded by the assembled
CPs.[98] Moreover, the supramolecular polymerization of
pyrene derivative CP1K in confined spaces can be spatially
controlled by media conditions.[99] Unfortunately, the precise
control of the fibrillar bundling process was challenging to
achieve by the modulation of the relative spatial orientation
of the aromatic moieties that bring together the SCPNs. In this
sense and with the goal of creating fibers with a homogeneous
diameter, we decided to design a novel building block that
would allow to control the number of nanotubes (four in this
case) surrounding the central hydrophobic core. To this end,
we proposed to use of a tetrafunctionalized TPE derivative
anchored by four cyclic peptides. Following this conceptual
design, we selected the derivative CP1k to anchor to the
TPE derivative, which would resemble the central pyrene
core of previous designs,[96,97,99] with the added advantage of
an intrinsic aggregation-triggered fluorescent emission upon
self-assembly. Thus, the alkoxyamine-equipped cyclic peptide
CP1K was prepared by Fmoc solid phase peptide synthesis
as previously reported[96] and then condensed with the
TPE derivative containing four para-oriented carbaldehyde
moieties (TPE-(CHO)4),[90] by heating at 60 °C in DMSO
for 2 h to provide 4CP1K-U-TPE (Figure 2). After the oxime
bond formation, HPLC-MS, 1H NMR, and IR spectroscopy
characterization confirmed the proposed structure and purity
of the final molecule (Figure S68–S70).

Alkalinization of 4CP1K-U-TPE Triggers Its Self-assembly and
Emission

To understand the self-assembly capabilities of 4CP1K-U-
TPE, we performed pH titrations monitoring spectral changes
through fluorescence and UV–vis spectroscopy (Figure 3).
Alkalinization of an aqueous solution of 4CP1K-U-TPE
(50 µM, pH 3) resulted in the expected increase in fluores-

Figure 3. Spectroscopic characterization of 4CP1K-U-TPE (50 µM) in
aqueous media at different pHs. a) Fluorescence spectra (λexc =
365 nm); b) UV-vis spectra; c) Fluorescence spectra of ThT (10 µM) in
presence of the peptide (λexc = 440 nm), and d) changes on maximum
emission (Imax = 495 nm, blue dots) and absorbance wavelength
(Absmax = 287 nm, red squares) with pH.

cence emission at 495 nm (λexc = 365 nm, �f = 16.1%, τ =
2.0 ns) with a slight blueshift of the maximum, which can
be attributed to the stacking of the aromatic rings and the
consequent inhibition of the rotation of the phenyl groups
of the dye (Figure 3a, Figure S1a–f).[55,63] UV absorption
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profile showed a redshift of the absorbance maximum and a
slight decrease in absorbance, compatible with the packing
of the TPE moieties (Figure 3b, Figure S1b).[79] To verify
whether the emission of the AIE dye was concomitant
with the formation of β-sheet structures and therefore, with
the formation of SCPNs, pH titrations in the presence of
Thioflavin T (ThT) and WAXS measurements of the freeze-
dried product were carried out.[17] ThT is the gold-standard
in the detection of amyloid fibrils, due to its ability to stain
“cross-β” structures.[100,101] Insertion of the dye increases
its fluorescence emission and induces a red shift of the
absorbance maximum from 412 up to 440 nm. As expected,
basification of 4CP1K-U-TPE solution to pH 8.5 in the
presence of the dye resulted in a 50-fold increase in the
fluorescence intensity, accompanied by the characteristic red
shift (412 to 440 nm) in the absorbance spectrum (Figure 3c,
Figure S1c). Overall, these results and the observed WAXS
spacings between 4.2 and 4.7 Å (Figure S1g) confirm the
concomitant assembling of both TPE and CPs units. When
plotting the fluorescence emission at 495 nm (Imax) or
the maximum absorption (Absmax) as a function of pH, a
clear transition around pH 6 is observed (Figure 3d). This
supports that histidine deprotonation (pKa∼6) drives the
supramolecular polymerization. At the final titration point
(pH 8.5), the lysine side chains are partially protonated and
strongly solvated, thus preventing the system from further
aggregation through CPs interdigitation.[102]

The reversibility of the assembly with pH and temperature
was then addressed. Initially, reversibility was addressed with
pH (Figure S2a) and afterwards, the influence of temperature
was verified at pH 6 and 8, conditions at which the system
was already assembled (Figure S2b and c). In both cases,
the system showed full reversibility with almost complete
quenching of the TPE emission when heated to 90 °C for a few
minutes or subjected to acidic conditions. At pH 2, although
the tetrameric compound disassembled, it was unfortunately
unstable as it underwent partial hydrolysis of oxime bonds,
which prevented further studies. At pH greater than 6 there
are no notable differences in the estimated values of Critical
Assembly Concentrations (CAC), although it appears that at
pH 8 the fluorescence intensity was higher, suggesting that the
system is in a higher assembled state (Figure S3).

Microscopy Reveals the Presence of Large 2D Assemblies

In sharp contrast with our expectations, the alkalinization of
the 4CP1k-U-TPE solution did not result in the formation of
well-defined fibers consisting of four parallel nanotubes that
are entangled by water molecules to lead to sol-gel transitions.
Instead, solutions of 4CP1K-U-TPE at concentrations above
its CAC gave rise to microscopic 2D supramolecular assem-
blies that were characterized using different microscopic
techniques (Figure 4).

As already determined by spectroscopic techniques,
4CP1K-U-TPE retains the AIE properties of the TPE moiety.
Epifluorescence microscopy of alkaline solutions (20 mM
HEPES, pH 8) showed a continuous fluorescent layer
extending over large areas of the sample (Figure S4). In

some areas, different cracks and fractures appeared in the
films, most likely as a consequence of the friction caused
during the deposition process (Figure S5a and smaller sheets
in Figure S5b), confirming the formation of long films of
100 µm2. To further confirm that these fluorescent layers
corresponded to the large-sized sheets, these samples were
mechanically scraped with a pipette tip or shaken vigorously,
resulting in the appearance of smaller sheets as a result
of their breakage (Figure 4a, Figure S6, Video S1). The
addition of ThT to this solution resulted in an emission
overlap (Figure 4b, Figure S7), with the sheets emitting at
the characteristic wavelength of the external dye, suggesting
that the sheets are formed by assembled nanotubes that grow
laterally to form the 2D structures. This lateral assembly
pattern may also explain the 3.2 and 2.5 Å spacings obtained
by WAXS (Figure S1g). These distances are characteristic of
β-sheet structures but are also found in other types of peptide
aggregates.[52,103,104]

Scanning transmission electron microscopy (STEM)
images (Figure 4c, Figure S8) again confirmed the presence of
the 2D structures in which sharp boundaries and folded edges
could also be observed. To accurately measure the height of
the sheets, aliquots of the aqueous solution of 4CP1K-U-TPE
(20 µM) were deposited on mica surfaces and studies by AFM.
Noncontact AFM micrographs revealed the presence of long
sheet-like structures with an average height of 3.7 ± 0.2 nm,
which correspond quite well with the dimensions of two
stacked nanotubes separated by the TPE moiety (Figure 4d,
Figure S9). Unmodified octa-CPs previously reported in the
literature had heights of around 1.6 nm for a single SCPN
and 3.2 nm for the bilayers,[17] while CPs containing a pyrene
anchored on the side chain of a Lys of a CP forming SCPNs
could reach 2.5 nm.[96] Taking these values as reference, we
expected that our molecule could form nanotubes with a
height of approximately 4 nm. In any case, it should be noted
that the aromatic moiety must most likely be slightly tilted
with respect to the plane defined by the CPs to compensate
for the smaller distance between the stacked arenes (∼3.5 Å)
than between the CPs (∼4.5 Å).[98] Therefore, the observed
height coincides quite well with that estimated for the
proposed structure (Figure 5a,b). Similarly, 2D materials were
also obtained at lower pH (pH 6, 20 mM MES, Figure S10).
Finally, cryo-microscopy was also performed to confirm the
formation of nanosheets in solution and to rule out self-
assembling growth mediated by the surface. Images taken
from a 20 µM solution of 4CP1k-U-TPE (20 mM HEPES, pH
8, Figure 4e and f and Figure S8b) again showed large, sheet-
like surfaces partially covering the grid. However, some small
plates were also present, likely resulting from the rupture
of the larger sheets. Interestingly, in addition to these large
nanosheets, short nanotubes (20–70 nm) with diameters of
∼6.0 nm were also observed (Figure 4g and Figure S8b).
Composed of approximately from 50 to 150 CPs, these
short nanotubes could represent the intermediate building
block in the hierarchical growth of supramolecular nanosheet.
Dynamic simulations have previously demonstrated this two-
steps process, showing that, once the nanotubes reach a
certain length, lateral contacts are favored promoting 2D
growth over longitudinal elongation.[52]
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Figure 4. Images obtained from the characterization of an aqueous solution of 4CP1k-U-TPE (20 µM) in HEPES (20 mM, pH 8) showing the presence
of sheet-like structures. a) Epifluorescence image (scale bar 200 µm); b) Epifluorescence picture of this solution in the presence of ThT (10 µM)
(scale bar 100 µm); c) STEM (scale bar 4 µm); d) AFM micrograph on the left (scale bar 3 µm) and height profile on the right; e-g) Cryo-TEM
microscopy showing a big sheet, sheet folds and SCPNs respectively (scale bar 10 µm for e and 100 nm for f and g).

Scaffold Versatility and Height Control to Form 2D Structures

Considering the pH dependence on the self-assembly process,
we proposed a hierarchical mechanistic model based on
the initial formation of four nanotubes bundles, in which
hydrogen bonding interactions and TPE stacking direct the
assembly mode (Figure 5a and b). The presence of the
very short nanotubes in cryo-microscopy images confirms the

existence of these intermediates. We believe that, once they
reach a minimum size, they begin spreading laterally. As a
consequence of the pairing between His, the four resulting
nanotubes are arranged into two pairs, leaving the stacked
TPE moieties located between these nanotube pairs. On both
sides of these pairs of nanotubes there are still imidazole
rings along the SCPNs with the ability to continue interacting
with other nanotube tetramers to induce their lateral growth

Angew. Chem. Int. Ed. 2025, 64, e14543 (5 of 14) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Schematic representations of the proposed assembling mechanism used different colors to indicate the type of amino acids. Green
represents lysine side chain, magenta represents serine, red represents histidine, black represents alanine, and yellow represents the lysine involved
in the connection with TPE. a) Top view of the proposed model of the sheet formed by the assembly of 4CP1K-U-TPE. The squares highlight properties
contributed by some of the residues, such as the His–His pairing. This is marked by a hydrogen bond between the two rings. However, other types of
interactions are also possible, such as π–π stacking.[105,109] The cationic properties of the sheets are modulated by changes in the protonation state
of the Lys side chain with the pH. b) Side view illustrating the tilt of the TPE moieties with respect to the CPs assembly. On the right is the structural
model of one of the peptide nanotubes, in which the cyclic peptides are stacked by forming β-sheet-type hydrogen bonding interactions. The same
color code is used to differentiate the different residues.

and prevent the exposure to the aqueous medium of the
hydrophobic central layer formed by the TPE stack and in
this way give rise to the corresponding solvated laminas in
which the lysine side chains are exposed on their surface,
protecting them from further aggregation (Figure 5a). This
model is also supported by the way these sheets break
(Figure S24c), resulting in narrow nanosheets and frequently,
linear edges with right-angled corners. This is more typical of
the lateral growth of nanotubes than other models, such as
the interdigitation of CPs of different monomers. In the latter
case, these sheets would break preferentially in one direction.

With the aim of unveiling the lateral growth mechanism
that promotes the enlargement and stability of these bidimen-
sional assemblies, we decided to make different modifications
in amino acids of the peptide sequence identified as key
(Table 1, entry 1–10, Figure 6a–i) as well as in the TPE
that forms the hydrophobic central core (Table 1, entry 11–
13, Figure 6j–l), according to our mechanistic proposal for
hierarchical assembly (Figure 5a,b). To check the importance
of the positive charge of the canonical lysine, we substituted
the former for glutamine (uncharged) or glutamic acid (acid).
The role played by the histidine and its position in the CP
sequence and protonation stage were also evaluated, for
which we permuted or changed this residue for others. In
addition, the relevance of the connector length between CP
and TPE moiety was also evaluated by reducing its length,
replacing Lys with 2,3-diaminopropionic acid (Dap).

Once the mentioned CPs were prepared (for details on
the sequences and synthesis, see the Supporting Information)
and condensed with the TPE moiety the formation of 2D-
structures was evaluated in a similar manner to the original
precursor (Figure 6, Figure S11, S22). To our surprise
and satisfaction, most of the new derivatives provided 2D
structures again, although some key features should be
mentioned.

Table 1: Structural modifications of 4CP-U-TPE scaffold. Aa substitutions
and TPE modifications are shown in red with respect to 4CP1K-U-TPE,
alterations in amino acid positions are denoted in green while chirality
alterations are denoted in pink. The number used to indicate the position
occupied by each Aa can be seen in 2.

Entry Name 1 2 3 4 5 6 7 8

1 4CP1K-U-TPE K S H A K-Oxime-4-TPE A H S
2 4CP1Q-U-TPE Q S H A K-Oxime-4-TPE A H S
3 4CP1E-U-TPE E S H A K-Oxime-4-TPE A H S
4 4CP2,8H -U-TPE K H S A K-Oxime-4-TPE A S H
5 4CP4,6H -U-TPE K S A H K-Oxime-4-TPE H A S
6 4CP6,8H -U-TPE K S A A K-Oxime-4-TPE H S H
7 4CP3A-U-TPE K S A A K-Oxime-4-TPE A H S
8 4CP7R-U-TPE K S H A K-Oxime-4-TPE A R S
9 4CPH(Me)-U-TPE K S H(Me) A K-Oxime-4-TPE A H(Me) S
10 4CP5Dap-U-TPE K S H A Dap-Oxime-4-TPE A H S
11 1CP1K-U-TPE K S H A K-Oxime-1-TPE A H S
12 4CP1K-U-TPEOH K S H A K-Oxime-4-TPE(OH) A H S
13 4CP1K-U-TPEPEG K S H A K-Oxime-4-TPE(PEG) A H S
14 4CPQRS-U-TPE R S H A K-Oxime-4-TPE A H Q
15 4CPQSR-U-TPE S R H A K-Oxime-4-TPE A H Q
16 1CPQRS-U-B R S H A K-Oxime-Benzene A H Q
17 1CP5LQRS-U-B R S H A K-Oxime-Benzene A H Q

The replacement of the Lys by a Gln (4CP1Q-U-TPE,
entry 2), gave rise to structures with similar morphologies
(Figure 6a, Figure S11) although precipitating at higher pH,
as could be expected for this modification (Figure S11b).
This confirms the importance of protonation of lysines
on the surface of the sheets to keep them solvated in
solution at broader pH ranges and prevent their uncontrolled
aggregation. On the other hand, its substitution by a Glu
(4CP1E-U-TPE, entry 3) promotes the disassembly of laminas
at pH higher than 6.5 (Figure 6b, Figure S12), thus, narrowing
the assembly to precise pH ranges. This might be caused
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Figure 6. Partial chemical structure showing structural changes with respect to the initial structure (4CP1K-U-TPE) and STEM showing sheet like
structures at 50 µM for a) 4CP1Q-U-TPE, b) 4CP1E-U-TPE, c) 4CP5Dap-U-TPE, d) 4CP4,6H -U-TPE, e) 4CP2,8H -U-TPE, f) 4CP6,8H -U-TPE, g)
4CP3A-U-TPE, h) 4CPH(Me)-U-TPE, i) 4CP7R-U-TPE, j) 1CP1K-U-TPE, k) 4CP1K-U-TPEOH, and l) 4CP1K-U-TPEPEG. Scale bars are 3 µm, pH 6 (a, b and k)
and pH 7-8 (rest of the samples).

by the increasing repulsion between negatively charged
carboxylates of neighboring stacked CPs once both His are
deprotonated. Moreover, two sets of modifications were
carried out on histidine at positions 3 and 7. As mentioned
above, the proposed hypothesis was that these residues, once
partially deprotonated, could promote the lateral growth of
4CP1K-U-TPE nanotubes though the formation of multiple
H-bonds, most likely mediated by water molecules, with other
nanotubes.[105–109] The first set of modifications consisted of
exchanging the positions occupied by His with other residues
in the CP sequence. Therefore, they were switched with Ser
(4CP2,8H-U-TPE, entry 4) or with Ala (4CP4,6H-U-TPE, entry
5), and additionally, another derivative was also prepared
in which both His were placed on the same side of the
macrocycle, breaking the pseudosymmetric distribution on
both sides of the axis defined by the Lys1,5 (4CP6,8H-U-
TPE, entry 6). None of these changes led to significant
variation in the morphology of the 2D-structures (Figure 6d–f,
Figure S14–S16). The second set of modifications consisted of
the replacement of one or both His by other residues with
different properties. To avoid or reduce the aforementioned
lateral hydrogen bonds as propagators of lateral growth, His3

or His7 were substituted, respectively, by an Ala (4CP3A-U-
TPE, entry 7), a small and nonpolar residue, or by an Arg
(4CP7R-U-TPE, entry 8), a positively charged residue that, in
principle, should increase the lateral electrostatic repulsions
between tubes. Additionally, both His were replaced by
the H-N-3-Methyl-l-histidine derivative (4CPH(Me)-U-TPE,
entry 9) in order to reduce their hydrogen bond donor

ability. To our surprise, all peptide derivatives behaved
similarly (Figure 6g–i, Figure S17–S19), again forming the
corresponding 2D structures, suggesting the predominant role
that hydrophobic assembly of the TPE units plays also in
lateral 2D spreading. Interestingly, 4CP7R-U-TPE derivative
provided emitting films whose stability was maintained
throughout the pH range studied. We attributed this to the
presence of the charged Arg side chain, which could also be
involved in the lateral growth through cation-π interactions or
the formation of hydrogen bonds with the surrounding imida-
zole moieties. In summary, all modifications of cyclic peptides
yielded in robust 2D supramolecular assemblies, whose pH
sensitivity could be tuned by subtle changes in the amino acid
sequence without altering their ability to form such mate-
rials – for example: 4CP1K-U-TPE (5.5–11), 4CP1Q-U-TPE
(5.5–6.5), 4CP1E-U-TPE (5.5–7), and 4CP7R-U-TPE (6–12.5).

Additionally, to reduce the flexibility of the tetrakis-
(cyclopeptide)TPE precursors, the Lys used for the connec-
tion to the TPE was replaced by a Dap (4CP5Dap-U-TPE,
entry 10), thereby reducing the length of the linkers by three
carbons. Once again, this modification did not provide any
significant change on the self-assembling properties, giving
rise to aggregates similar to those observed for 4CP1K-U-
TPE (Figure 6c, Figure S13). As expected, the reduction
of the length of the connectors between the CPs and the
TPE resulted in thinner sheets with an average height of
3.2 ± 0.3 nm (Figure 7, Figure S13e).

To study the structural tolerance of the aromatic core,
three different TPE derivatives were also studied. First,
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Figure 7. Scheme representing how the CP distribution along the TPE core can explain the height differences observed by AFM experiments. From left
to right: 4CP1K-U-TPEOH, 4CP5Dap-U-TPE, 4CP1K-U-TPE, and 4CP1K-U-TPEPEG.

a monosubstituted TPE derivative, TPE-(CHO)1 was con-
densed with CP1K to form control model 1CP1K-U-TPE
(entry 11). This derivative was designed with the aim of
leaving the TPE moiety exposed to the solvent as in the
previous pyrene precursor[96,97,99] while breaking the C4
symmetry of the tetra substituted derivative. STEM analysis
of solutions of this CP (50 µM) showed the coexistence
of both sheets and small fibers that could correspond to
SCPNs or bundles of them (Figure 6j, Figure S20). Analysis
of AFM micrographs of these samples provided the height of
these layers, which had an average height of 8.2 ± 0.8 nm,
much higher than those obtained with the tetrakis-derivatives,
suggesting a different assembly pattern, for which we propose
a multilayer assembly pattern (Figure S20d, Figure S23). This
assembly promiscuity for the TPE mono-adduct supported
the importance of the tetrameric template to bias the self-
assembly towards 2D supramolecular systems. Next, we
employed the phenolic derivative of TPE (TPEOH-(CHO)4)
to form 4CP1K-U-TPEOH (entry 12) whose connection with
the CPs would be to meta-oriented oximes and would give
rise to assemblies with a central core with less hydrophobic
character. This analogue also led to the formation of slightly
thinner 2D plates (3.1 ± 0.1 nm, Figure S21), which already
begin to disassemble under neutral conditions (e.g., pH > 6,
see Figure 6k, Figure 7, Figure S21). These results with
a meta-oriented tetraphenolic core confirm the robust 2D
templating effect of the tetrasubstituted TPE moieties even
when less hydrophobic central cores are used and therefore,
should have a lower tendency for lateral aggregation of the
SCPN tetramers. Finally, a pegylated derivative of the TPE
unit was also prepared (4CP1K-U-TPEPEG, entry 13) and
once again 2D sheets were also obtained. In this case, the
resulting supramolecular nanoplates were stable at pH above
6, suggesting that the aforementioned disassembly of the non-
PEGylated derivative must be related to the deprotonation of
phenol. The thickness of the resulting lamellae, as confirmed
by AFM is affected by these modifications in the central core
of the TPE, presenting an average height of 6.6 ± 0.3 nm,
approximately 1.8 times thicker than the original structure
(Figure 6l, Figure 7, Figure S22). This significant increase
in height is consistent with an expansion of the central
hydrophobic core due to the presence of the tetraethylene
glycol chains occupying spaces in the central part of the

bilayer, but without apparently affecting 2D lateral growth.
In general, all the different designed cyclic peptide scaffolds
showed similar morphology and spectroscopic properties,
only differing according to peptide sequence or TPE sub-
stitution (e.g., Gln, Glu, and TPEOH derivatives) in their
stability with the pH of the medium or the height of
the supramolecular sheets. Therefore, all the tetrapeptide
derivatives studied form monolayers whose height can be
meticulously modulated by key modifications in the length
of the connectors or in the central aromatic moiety, forming
sheets whose thickness range from 3.1 nm to 6.6 nm (Figure 7)

Given the ability of these tetramers to form 2D structures,
we measured the melting temperatures of some of these mate-
rials to clarify the formation mechanism and evaluate their
inter-tubular interactions during nanotube lateral growth. We
focused on residues arranged orthogonally (3 and 7) to the
TPE connection, specifically His. To this end, we studied
the derivatives 4CP1K-U-TPE, 4CP3A-U-TPE, and 4CP2,8H-
U-TPE. Peptide derivative 4CP3A-U-TPE has only one His
because the second was substituted with an Ala; therefore, the
number of interactions between these residues is reduced by
half. Conversely, 4CP2,8H-U-TPE has two histidine-oriented
outward. According to our model, the imidazole rings are
farther apart, so, inter-histidine interactions are replaced by
interactions between the hydroxyl groups of Ser.

As shown in Figure S2d, these changes drastically modify
the stability of the sheets. The most stable nanosheets are
those derived from the original tetramer (4CP1K-U-TPE).
As expected, eliminating one of the histidines reduces the
stability of the supramolecular sheet. The least stable 2D
structures result from CPs with His residues that are most
exposed to the aqueous medium (4CP2,8H-U-TPE). These
results clearly demonstrate that inter-tubular interactions and
hydrophobic effects generated by TPE stacking contribute to
the lateral growth of nanotubes.

Catalytic Activity

In the proposed final assembled structure, the imidazole
rings in the layer covered by the assembled cyclopeptide
units would be exposed, at least partially to the aqueous
interphase. These spatial arrangement of the imidazole rings
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Figure 8. Scheme representing the catalytic activity of the CP based sheets and the mechanism of the histidine mediated (black) and metal mediated
(red) catalysis. In blue it is represented the possible mechanism of the lysine acetylation.

on the surface provides an excellent opportunity to test their
ability to induce esterase-type reactions, as has been shown
for other types of aggregates, especially unidimensional ones,
such as fibers or gels.[110–114] Furthermore, this alignment
along the nanotube, together with the proximity of other
imidazole rings from neighboring nanotubes, could provide
a suitable environment not only for their participation in
the proposed acid/base proton transfer processes but also
lead to carbonic anhydrases-like activity, in which these
heterocycles would coordinate with a suitable metal center,
such as zinc. This coordination would provide additional
evidence of lateral nanotube growth during the 2D structures
formation. As previously mentioned, this growth is supported
by the hydrophobic effects related to the central TPE core
and the interactions between the side chains, particularly
His residues. Coordination of Zn2+ ions confirmed that they
do not affect the 2D morphology (Figure S24a). EDX-TEM
experiments (Figure S24b) clearly demonstrate the deposition
of this ion on the sheets. After established the accessibility of
the His side chains to interact with these ions and therefore,
their arrangement on the surface of the sheets, we studied
their catalytic properties on the surface of the 2D materials.
To this end, we selected the hydrolysis of p-NitroPhenol
Acetate (p-NPA), a common indicator of hydrolase activity
(Figure 8).[114] Additionally, we also performed catalysis
experiments in the presence of Zn2+ ions to exploit their
coordination with the imidazole rings and evaluate their
catalytic activity through a different mechanism.[115,116] This
process was followed by evaluating the increase in absorbance
at 400 nm as a result of the formation of p-nitrophenol (p-NP).

As shown in Figure 9a, the solution of 4CP1K-U-TPE
(20 µM) in HEPES at pH 8 catalyzed the p-NPA hydrolysis,
with more than 8-fold increases in the hydrolysis rate after
10 min. Moreover, the addition of Zn2+ further accelerates
this process, suggesting that the metal ion coordinates with
His side chains in order to participate in the catalysis
(Figure 9b, Figure S25b). Adjusting the concentration profiles
to a second-order kinetic rate expression showed appar-
ent kinetic constants in the order of 10−2 L M−1 s−1.

Remarkably, the presence of Zn2+ increased 1.7–1.5 times
the apparent kinetic constants of 4CPQSR-U-TPE, 4CPQRS-
U-TPE and 1CPQRS-U-B (Figure S25c,d and Table S1).
Concentration-dependent experiment where then performed,
keeping constant the concentration of p-NPA while changing
the CP concentration in the presence of Zn2+ (Figure S25a).
A linear dependence between the hydrolysis rate and the
CP concentration was confirmed. This is consistent with the
previously reported relationship between the hydrolysis rate
of phenyl acetates and the imidazole concentration.[111] We
performed this experiment in the presence of Zn2+ since in
the experiments initially performed with the 50 µM solution of
4CP1K-U-TPE (50 µM) without the metal, a precipitation was
observed when the reaction mixture was allowed to stand for
additional time. HPLC-MS analysis of the resulting mixture
(Figure S27 and S28) showed acetylation of the Lys side chain
over time, suggesting that the nucleophilic character of the
amino group could be involved in the acceleration of the
hydrolysis of p-NPA. Moreover changes were found in the
emission properties of 4CP1k-U-TPE over time, only a small
reduction at the end of the process that could be correlated
with the mentioned precipitation or the absorption of p-NP
formed (Figure S25e).

To evaluate the role of the lysine side chain, a new
peptide scaffold without the Lys in its sequence was designed:
4CPQRS-U-TPE (for details on the CP structure and synthesis,
see the Supporting Information). In this case, Ser8 and Lys1

were replaced by Gln and Arg, respectively (Figure 9c). Gln
was incorporated to simplify CP synthesis and enable the
macrocyclization of the peptide while it is still linked to the
resin. This is necessary because replacing Lys with Arg, to
maintain the cationic nature of the nanosheets, eliminates the
previous anchor point used for synthesizing cyclic peptides
on solid supports. Thus, CP synthesis was initiated using
the glutamic acid side chain (Fmoc-Glu-OAll) to attach to
the Rink Amide resin.[92] After cleavage, this provides the
aforementioned Gln residue. The resulting tetrapeptide-TPE
hybrid exhibits similar self-assembly properties to previous
derivatives (Figure S26), again corroborating the excellent
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Figure 9. Catalytic activity of the different CPs derivatives (4CPn-U-TPE 20 µM and 1CPn-U-B – 80 µM) at pH 8 in the presence of p-NPA (1 mM) in the
a) absence and b) presence of 4.5 equivalents of Zn2+ (light shading represents the standard deviation from three independent measurements). c)
General structures of CPQRS derivatives.

templating effect of this design for the hierarchical assembly
of AIE sheets in which the spatial arrangement of the
different side chains is determined by the CP sequence
(Figure 9a and b). Although the catalytic activity was lower
than that of the Lys derivative, p-NPA hydrolysis experiments
again showed an appreciable increase in the reaction rate
for the assembled 4CPQRS-U-TPE. However, the HPLC-MS
analysis of these samples showed again the partial acetylation
of the Ser moiety (Figure S28c and d). In view of these
results, we decided to prepare a new derivative (4CPQSR-U-
TPE) in which the positions of Arg and Ser were swapped,
in order to move the serine side chain away from the
catalytic space. Once again, the tetrakis-(cyclopeptide)TPE
derivative assemble into the corresponding nanosheets, which
were also capable of accelerating the hydrolysis of p-NPA
in a manner analogous to the previous regioisomer. To our
surprise, acetylation of the Ser side chain was also observed
(Figure 9a,b and Figure S29).

Therefore, to clarify the reaction mechanisms, we decided
to extend the reaction time to 1 h, following the formation of
p-NPA by UV-vis while taking small aliquots of the reaction
mixture to evaluate the acetylation pattern by HPLC-MS
(Figure 10 and Figure S27, S28). Considering the initial
reaction rates, all catalysts should be consumed within this
time (1 h) if acetylation of the CPs were primarily responsible
for the observed catalysis. In this case, a drastic reduction in
the reaction rates should be observed once the nucleophilic
groups of the peptides are consumed. As illustrated in
Figure 9a and 9b, there is a clear difference in the initial
hydrolysis rates between the two peptides, which becomes less
pronounced at longer reaction times (Figure 10a). This sug-
gests that the difference in rates observed at shorter reaction
times could be due to the greater nucleophilicity of the amino
group of Lys (Figure 10a, Figure S25b). We also confirmed
that 4CPQRS-U-TPE is only partially acetylated after 1 h of
reaction, while more than one equivalent of p-NPA is con-
sumed per Ser (Figure 10b). Therefore, the ratio between the
equivalents of p-NPA consumed and Ser acetylated (r < 1)
unambiguously validates the supramolecular catalysis, regard-
less of the results of acetylation, which would take place by a
different mechanism (Figure 10b). Similar conclusions can be

drawn from the analysis of the reaction catalyzed by 4CP1K-
U-TPE, however, in this case, up to twelve residues are sus-
ceptible to acetylation. Unfortunately, the acetylation of Lys
causes a variation in the MS ionization of the products, mak-
ing the quantitative analysis less precise (Figure S27 and S28).

Finally, to confirm the role played by the supramolecular
structure, we synthetized two additional CP derivatives:
1CPQRS-U-B, and 1CP5L

QRS-U-B (for details on the CP
structure and synthesis, see the Supporting Information).
The control peptides 1CPQRS-U-B and 1CP5L

QRS-U-B were
designed to reduce self-assembling properties by condensing
the corresponding CPs with benzaldehyde. The first one, as
expected had reduced assembly capabilities (CAC > 125 µM).
The second derivative composed of five consecutive L-amino
acids cannot adopt the required flat conformation required
for stacking remaining in solution as a monomer (Figure S30).
As expected, both control peptides showed reduced catalytic
activity that hardly differed from the controls without CPs
(Figure 9a,b), confirming the catalytic role of the supramolec-
ular ordering of imidazole rings along the surface of the
nanosheets. This conclusion is also consistent with the related
carbonic anhydrase activity which requires three imidazole
rings coordinated with metal center for its catalysis.[117] Taken
together, these data demonstrate that the 4CP-U-TPE hybrid
scaffolds displaying histidine residues at the interface between
nanosheets and the bulk water can act as efficient hydrolases.

Conclusion

In summary, here we have presented a novel cyclic peptide
scaffold capable of hierarchically self-assembling into 2D
supramolecular structures with aggregation-induced emis-
sion properties. The scaffold is based on a TPE moiety
functionalized with four cyclic octapeptides of alternating
chirality containing His residues as pH dependent assem-
bling modulators. This new molecular scaffold self-assembles
through the combination of β-sheet interactions, π–π stack-
ing and hydrophobic effects, propagating the individual
supramolecular properties of the basic components through
a hierarchical supramolecular process. Furthermore, the
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Figure 10. a) Catalytic activity of peptides 4CP1K-U-TPE (green) and 4CPQRS-U-TPE (purple) at 20 µM (HEPES 20 mM, pH 8) in the presence of p-NPA
(1 mM) in the absence (dark lines) and presence of 4.5 equivalents Zn2+ (light lines). b) Acetylation pattern of 4CPQRS-U-TPE (lines) in the absence
(left) and presence of Zn2+ (right) checked by HPLC-MS and the corresponding equivalents of p-NPA hydrolyzed at the corresponding times
determined by the absorbance at 400 nm – and an ε = 16 600 M−1cm−1 described elsewhere [109] (black dots). The light shading represents the
standard deviation from three independent measurements.

aggregation-induced emission properties of the TPE core
provides an intrinsic fluorescent read-out that self-reports
on thermal and pH responsiveness of the system. The
characterization of the final assembly showed the formation of
2D materials in which the CPs, stacked in nanotubes, covered
both sides of the supramolecular sheet while the TPE scaffold
is located at the core of the assembly and arranged almost
perpendicular to the programming axis of the nanotubes and
sheets. Most importantly, this new building block tolerates a
wide range of modifications to both the core TPE and the
surrounding CPs without compromising the final 2D assembly
mode. Structural modifications of the hydrophobic TPE core
enable the first molecular-based design strategy that allows
precise thickness control of 2D supramolecular architectures.
Furthermore, we also show how this new class of peptide
supramolecular materials can emulate the catalytic activity of
enzymatic systems such as esterases or carbonic anhydrases,
when Zn2+ metal ions are added. Taken together, the different
imaging and spectroscopic characterization experiments pre-
sented here confirm that the tetrafunctionalization of a TPE
moiety with cyclic peptides of alternating chirality constitutes
a versatile strategy for the preparation of new biocompatible
2D supramolecular systems with precise thickness control,
ordered aromatic cores and customized functional organic
surfaces for multiple applications. We anticipate that this new
approach to constructing 2D nanosheets with AIE properties
will create new opportunities for developing self-reporting or
photocatalytic active systems in which identification of the
active structure could be detected and/or activated through
the emission properties upon aggregation.
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