Open Access Article. Published on 07 May 2025. Downloaded on 3/4/2026 4:56:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

REVIEW ARTICLE

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2025,
54, 5657

Received 24th January 2025

DOI: 10.1039/d4cs01273a

Self-assembled nanotubes from the
supramolecular polymerization of discrete
cyclic entities
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Inspired by the extraordinary attributes displayed by nanotubes in Nature, the creation of self-assembled
nano-sized hollow tubes is an area of significant and growing interest given its potential application in
transmembrane ion channels, ion sensing or catalysis, among others. One of the most utilized strategies
employed to build these supramolecular entities implies the stacking of discrete cyclic units. Given the
intrinsic dynamicity of the forces that drive the self-assembly processes, this approach offers substantial
advantages when compared to inorganic or covalent approaches, ranging from tunable pore designs to
error correction, to name a few. Herein we focus on the different approaches explored to design
discrete cyclic entities as building blocks for the construction of self-assembled nanotubes, as well as
the analytical tools used to elucidate the resulting structures. Attending to the nature of the bond
involved in the formation of the cycle, we have distinguised three main categories: covalent, non-
novalent and dynamic-covalent cycles. This review thus constitutes a roadmap to build self-assembled
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nanotubes based on soft matter and paves the way to expand their current applications.

1. Introduction

The natural world is full of diverse tubular forms that play
crucial roles in numerous biological and geological activities.
For example, nanotubes (NTs) serve as pathways for chemical
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signals, similar to transmembrane ion channels," and provide
enclosed spaces for reactions, as demonstrated by protein-
folding chaperonins®® and protein-degradation enzymes.*>
Some of the most relevant tubular systems in nature are
microtubules, which are essential elements of the cytoskeleton
in eukaryotic cells.® Microtubules are supramolecular polymers
of the protein tubulin and are fundamental for the upholding
of cellular structure,”® enabling transport within the cell, and
ensuring the separation of chromosomes during cell division.’
These functions are critical for the normal operation and
reproduction of cells, highlighting the significance of nanotub-
ular structures in essential biological processes.

Motivated by the extraordinary roles that tubular structures
play in biological systems, many researchers have focused
on developing functional artificial NTs, mostly exploiting
inorganic motifs'®'! as well as carbon nanotubes (CNTs)"*"?
to yield the hollow unidimensional structure. Another less
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explored approach involves the use of self-assembled nano-
sized tubular systems based on individual organic molecules
bound through dynamic supramolecular interactions.'*™®
Hlustrative examples of applications of these materials involve
the implementation of artificial NTs in transfection for
short interfering RNA,'® ion channels,”® drug delivery,*' asym-
metric catalysts,> antimicrobial materials,*® charge carriers,**
networks,?” fiber mats,*® ion sensors,>” and organic yarns,*® to
cite a few.

Compared to inorganic and CNTs, self-assembled NTs offer
substantial advantages including synthetic convergence, inte-
grated error correction, tunable pore designs, higher biocom-
patibility and notably, the ability to self-organize. Different
approaches for creating self-assembled NTs making use of
weak and reversible non-covalent interactions, i.e., H-bonds,
hydrophobic effects, n-n stacking, and/or metal-ligand coordi-
nation, among others, can be found in the literature. Some
examples of these methods comprise: (a) the helical folding of
oligomers,* (b) the bundling of rod-like structures,*** (c) the
rolling up of sheets made of amphiphilic molecules,* and (d)
the stacking of discrete cyclic units.?”*73¢

Typical internal diameters reached by NTs assembled from
classical amphiphilic molecules (method c) exceed 10 nm,
which makes them perfect environments for integrating
meso-scale entities such as (bio)macromolecules or nanoma-
terials, but are exceedingly large for conventional molecules.’”
An interest in producing tubular structures with smaller pores,
of a few nanometers, and thus compatible with molecular
dimensions, has emerged in the scientific community as novel
unconventional chemical processes could be explored in con-
fined 1D nanospaces. While many advances have been reported
towards that goal regarding (a) and (b) methods,**?® this review
is focused on the contributions made by diverse authors to the
preparation of tubular structures from the stacking of discrete
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Fig. 1 Classification of discrete cyclic entities into covalent, non-covalent
and dynamic covalent cycles and schematic representation of their stack-
ing into self-assembled NTs.

cyclic entities (strategy d), which can give access to pores with
dimensions ranging from a few nanometers to the subnan-
ometer scale (Fig. 1).

The classification of the sections of this review takes into
account the nature of the forces joining the individual units to
form the corresponding cycles. Thus, the traditional and more
developed approach consists in making use of organic reac-
tions to form covalent bonds between small individual frag-
ments to generate the corresponding covalent cycles, affording
robust structures that cannot be disconnected back to their
primary units. However, the advent in the last decades of
supramolecular chemistry has introduced alternatives to con-
nect in a reversible manner the small fragments that constitute
the cycle, leading to non-covalent cycles that can be disas-
sembled and assembled again by means of different stimuli.
More recently, the incorporation of the new tools developed in
the field of dynamic covalent chemistry has permitted the
application of these versatile methodologies to the construction
of dynamic covalent cycles of reversible nature but with higher
stability compared to non-covalent cycles, as the interactions
used to fuse the units are more robust. As self-assembled
nanostructures, the vertical piling of all these kinds of cycles
considered in this review into supramolecular polymers is
achieved through the participation of additional supramolecu-
lar interactions, mainly H-bonds, n-n stacking and/or solvo-
phobic interactions. Since the monomers are cyclic in nature,
the resulting polymer’s shape is tubular, generating a lumen in
the inner part of the supramolecular structure. Although host-

This journal is © The Royal Society of Chemistry 2025
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guest chemistry has been successfully employed for the con-
struction of tubular structures,***> only examples of cycles that
stack by themselves into tubular architectures, without the
assistance of any other chemical species as template, have
been contemplated in this review article.

Thus, the review starts with a general view of the well-known
and consolidated strategies for the formation of covalent cycles,
and progresses to describe in more detail the most recent
approaches towards non-covalent cycles. It finishes with the
introduction to the less explored use of dynamic covalent tools
for the construction of cycles with the ability to form tubular
structures. For the sections that have been explored in detail in
other reviews, the description of the principles of the model
and the most relevant examples developed so far are provided
here, and only some interesting recent works are explained in
depth in order to reach an overview in the context of the rest of
the strategies.

2. Covalent cycles

The use of covalent cycles as scaffolds for creating NTs has
been extensively used in the literature.”® In this review we will
cover the main examples in which the flat shape of discrete
cycles allows their vertical stacking to create tubular structures
(Fig. 2). In the structures compiled in this section, H-bonds, n-n
stacking and/or solvophobic forces constitute the main
driving forces for the stacking of the cycles towards NTs.
Examples of covalent cyclic structures that are intrinsically
tubular and not planar, such as, cyclodextrins,®®***>
cucurbiturils,>*® or chaperonins,®***”*® among others, and
that can assemble on top of each other to generate higher
order tubular architectures are not considered in this work.

A key benefit of making use of covalent cycles is the ability to
regulate the diameter of the NTs, which is precisely determined
by the size of the cycle as the fundamental unit involved in the
self-assembly process.

2.1. Cyclic peptides

ao-, B-, v- and a-y-peptides. Cyclic peptides early emerged as
versatile precursors of supramolecular NTs.>*>”**° Planar cycles

comprising different kinds of amino acids like a-, - or y- amino
acids, nomenclature that takes into account the position of the
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Fig. 2 Schematic representation of the non-reversible organic synthesis
of covalent macrocycles from individual precursors and subsequent
reversible stacking of cyclic entities into self-assembled NTs.
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(a) Chemical structure of an a-cyclic peptide (top) and schematic representation of the NT (bottom) formed by the self-assembly of 1. Structure
, (¢) y- and (d) a- and y-amino acids, and illustration of the NT formation in (d) by the self-assembly of a,y-cyclic

peptides. Adapted with permission from ref. 20 and 58. Copyright 2016-Elsevier and 2013-American Chemical Society, respectively.

amine and the carboxylic acid groups in the chemical structure,
are able to stack on top of each other generating tubular
nanostructures.

Ghadiri’s group was the pioneer in the exploitation of this
assembly design. Their first structure consisted in the octapep-
tide of a-amino acids 1: cyclo[-(p-Ala-L-Glu-p-Ala-1-Gln),-].>° The
alternation of an even number of p- and r-amino acids led to a
flat conformation in which the amide groups were perpendi-
cular to the plane of the cyclic structure and the side chains
pointed outwards. Thus, rings could stack with each other
through intermolecular hydrogen bonds (H-bonds) in a f-
sheet fashion (Fig. 3a). Based on this first chemical structure,
many investigations have focused on expanding this approach
to different a-cyclic peptides, with successful applications as
transmembrane ion channels,>" antibacterial agents®* or pro-
ton conductivity in films,>® among others. Moreover, taking
advantage of the intrinsic chirality of peptides, stereochemical
control of the co-assembly process of enantiomers by imposing
steric restrictions upon the H-bonding pattern has also been
achieved.”® Regarding the potential use of these systems for
biological applications, it is important to remark that the
interchanged 1- and p-amino acids in the cycle can have
implications in the biological stability of the systems as it is

5660 | Chem. Soc. Rev., 2025, 54, 5657-5697

known that the behaviour of p-amino acids can largely alter
biological signalling processes.>*™>’

This strategy to create NTs has also been extended to other
kinds of amino acids or combinations of those. However, there
are not many examples of cyclic structures entirely formed by -
amino acids in the literature. In contrast to other peptides
integrated by other type of amino acids, those formed by f-
amino acids are usually very insoluble and difficult to handle.
For that reason, different functional groups have been often
combined with amino acids in the skeleton of the cycle to
facilitate their aggregation studies (see Heterocyclic peptide
cycles section below). Seebach et al. reported the synthesis and
characterization of the three different cyclic-B-peptides 2a, 2b
and 2¢, with no additional groups in their cyclic structure
(Fig. 3b).>° Due to the solubility limitations mentioned before,
they could not obtain single crystals of their compounds.
However, the combination of powder X-ray diffraction (XRD)
measurements and computer analysis enabled them to deter-
mine the solid-state structure which resulted in tubular aggre-
gates in a similar fashion than those already observed for
certain cyclic-o-peptides.

An attractive example in which the cyclic peptide contained
exclusively y-amino acids was reported by Deng and co-workers

This journal is © The Royal Society of Chemistry 2025
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(Fig. 3¢).°° This example is highly remarkable because it is one
of the scarce cyclic peptides formed by this kind of amino acids
and because, despite not having a planar conformation, com-
pounds 3a and 3b were able to give rise to NTs through H-bond-
mediated parallel stacking.

Granja’s research group incorporated a novelty in the struc-
ture of cyclic peptides combining both o- and y-amino acids.
The introduction of y-amino acids in compounds 4a, 4b and 4c
(Fig. 3d) allowed the functionalization in the interior of the
ensemble, for example, to create an hydrophobic pore, without
distorting the required flatness of the cycle described by
Ghadiri for a-peptides.®® In contrast, in NTs formed solely by
a- or B-cyclic peptides, the amino acid side chains lie on the
exterior of the ensemble, hampering the tuning of pore
properties.

Based on the aforementioned Ghadiri’s model, numerous
research groups have studied the formation of NTs from
different peptidic structures. Most of the examples have been
collected in many general reviews about tubular supramolecu-
lar structures*®**3® and also in more specific reviews where the
use of cyclic peptides is described in detail."*>?”*®%>7% For that
reason, we have mainly focused in this Cyclic peptides section
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on briefly describing the principles of the model and the most
relevant examples developed so far, while some interesting
recent works have been explained here in depth.

Heterocyclic peptide cycles. With the prospect to develop
new properties for these supramolecular peptide NTs, some
authors have incorporated diverse heterocycles in the cyclic
peptide skeleton,®* " with pioneering achievements from Gha-
diri’s research group. In one of their multiple investigations,
they incorporated a triazole unit to the peptide framework
comprising alternating o- and g-amino acids (compound 5 in
Fig. 4a).®® Previous molecular models suggested that the triazol
unit could adopt a number of conformations that would favour
intermolecular H-bond-mediated stacking. Aggregation studies
carried out by "H NMR and mass spectrometry (MS) demon-
strated the high propensity of this compound to form ordered
aggregates both in solution and gas phase. In the solid state,
X-ray crystallography enabled to elucidate the internal struc-
tural organization: a solvent-filled NT was formed through
intermolecular amide H-bonds between the cycles.

Avery recent article published by Xu and co-workers showed
an example in which a benzimidazole group was incorporated
in a cyclic peptide formed by a-amino acids (Fig. 4b).°® The
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(a) Compound 5 and its crystal structure. (b) Structure of cyclic peptide 6 (top) and TEM image of the NTs formed in acetonitrile (bottom left) and

AFM image of the individual NTs of PEG-conjugated to 6 in DMF (bottom right). (c) Compounds 7a and 7b and illustrations of the arrangement of their
corresponding assemblies. (d) Structure of compounds 8a and 8b. Adapted with permission from ref. 58, 68 and 69. Copyright 2019-American Chemical
Society, 2016-Elsevier and 2006-American Chemical Society, respectively.
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presence of the imidazole moiety in the interior of cycle 6
provided pH-responsive properties to the resulting NTs.
When the pH was decreased below its lower pK,, the NTs
disassembled due to ionic repulsion from the positively
charged benzimidazole groups. This was confirmed by UV-vis
spectroscopy, unravelling different absorption bands at low and
moderate pHs. Circular dichroism (CD) measurements corro-
borated the loss of the B-sheet structure at low pHs through the
cancellation of the CD signal at 220 nm in these conditions.
The organization of the macrocycle in the form of NTs in
acetonitrile solutions was visualized by transmission electron
microscopy (TEM), displaying a measured persistent length of
1.5 pm (Fig. 4b, bottom left). Finally, and with the future aim of
dispersing the nanostructures and integrating them into poly-
mer films, poly(ethylene glycol) (PEG) was conjugated to the
outer lysine handles. Its deposition from DMF solutions
resulted in the observance of individual NTs by atomic force
microscopy (AFM) (Fig. 4b, bottom right).

A variety of modifications have been also carried out on -
peptides. Among others, Ghorai’s research group has also
utilized the triazole unit as an analogue of amides in terms of
planarity and polarity, as well as H-bond donating and accept-
ing ability (Fig. 4c).”° This kind of macrocycles exhibits two
different rotameric forms that experience both parallel and
antiparallel H-bonding between their backbones in solution.
The formation of well-defined tubular nanostructures from
these two macrocycles occurred through a comparable parallel
homo-stacking through H-bonding between the amide NH and
the carbonyl oxygen, even though the orientations of their
functional groups differ (Fig. 4c).

Other heterocycles have also been incorporated in -
peptides, like saccharides in Kimura’s and Chandrasekhar’s
97L72 The investigation of the ensembles of cyclic pep-
tides in solution turned out difficult to perform due to the low
solubility of these structures. The introduction of pyranose
rings as a side chain of the platform of compounds 8a and
8b improved the solubility of the ensembles, thus overcoming
this problem (Fig. 4d).*°

Functionalized cyclic peptides. Another approach to mod-
ulate NT properties consists in the external or internal functio-
nalization of cyclic peptides. Thus, two main designs can be
distinguished in the literature: the covalent attachment of
discrete organic fragments or the connection of polymeric
chains at the periphery of these cyclic entities.

In an example of the first strategy, Kimura’s research group
included tetrathiafulvalene (TTF) moieties at the side chains of
cyclic B-peptides.”® With this modification, it was possible to
alter the electronic properties of the final tubular structure.
Another interesting example was introduced by Schmuck and
co-workers. In their work, a non-natural arginine analogue was
incorporated in the structure of a cyclic a-peptide.”* The
presence of the weakly basic guanidiniocarbonyl-pyrrole moiety
allowed the formation of positively charged cyclic peptide NTs
under physiological conditions. They also demonstrated the
usefulness of these aggregates in gene transfection through a
non-endocytic cellular uptake pathway.

works.
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In the last years, Granja’s research group has emerged as
one of most active groups in the study of the self-assembly of
cyclic peptides and they have reported numerous examples of
functionalized systems,*>”>"8 with successful applications as
transmembrane transporters.>>®! They have exploited different
combinations of o- and y-amino acids to control the diameter
of the nanostructures.?»®® Likewise, they have also described
the combination of other amino acids, like the hybrids o-3-
cyclic peptides in which the inclusion of the §-amino acid 4-
aminocyclohexanecarboxylic acid in the chemical structure of
the cycle, enabled the formation of NTs with large diameters
and hydrophobic pores (compound 9 in Fig. 5a).>* Moreover,
the presence of glutamic acid and lysine as side chains
improved the solubility of the system and provided control on
the stacking of cyclic peptides by salt bridge formation. In
addition, the incorporation of histidine in the design of the
peptide, afforded control on the self-assembly through pH
modifications. The use of thioflavin, which is a well-known
fluorescent probe that shows fluorescence when it binds to -
sheet structures, allowed to confirm the formation of NTs.
Thus, addition of increasing amounts of compound 9 to an
aqueous acidic solution of thioflavin, did not exhibit any
fluorescence response. In contrast, similar additions to a
slightly basic solution of thioflavin produced a rise in dye
emission because of the binding between thioflavin and cyclic
peptides interacting in a B-sheet fashion in the NT structure.
Taking advantage of the hydrophobic properties and the large
dimensions of the pore, the authors managed to encapsulate
efficiently C¢, fullerene molecules in the interior of the NT.

The formation of one-dimensional structures by stacking of
individual units has the limitation of the control of NT length.
Granja and co-workers tackled this problem by using a method
in which two cyclic peptides with different self-assembling
properties were joint covalently. This led to the interaction
between cyclic peptides and the formation of nanostructures
with a cavity that resembled the shape of Venturi tubes.®® The
two cycles that formed the covalently linked dimer were a
combination of the small cyclic peptide 10a, with a high
tendency to dimerize, and the large cyclic peptide 10b, which
is able to homodimerize and to form heterodimers with the
other unit described in the work: 10c (Fig. 5b). The homodi-
merization of 10a and 10b, the heterodimerization between 10b
and 10c and the formation of supramolecular assemblies by the
covalently linked dimer 10a-10b were studied by NMR sepa-
rately, and the corresponding NMR signals for each assembled
structure were identified. These results were compared to those
obtained by 10c and by mixing a solution of the covalent dimer
10a-10b, in conditions in which they constitute NT structures
with no defined length and confirmed the formation of the
target NTs. Considering that the interacting distance between
stacking cyclic peptides is established as 4.85 A, the final NT
would have a fixed length of approximately 30 A.

Recently, Montenegro, Granja et al. have published several
articles where the supramolecular polymerization process
involved in the formation of NTs is adjusted using microflui-
dics and droplet encapsulation (Fig. 5¢).2*"®® The protonation

This journal is © The Royal Society of Chemistry 2025
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(a) Structure of cyclic peptide 9 and side and top views of a computer assisted model of Cgo encapsulated in the inner cavity of the NTs formed.

(b) Structures of cyclic peptides 10a, 10b, 10a—10b and 10c and model of the proposed tubular structure formed by the assembly of 10a—10b and 10c.
(c) Structure and model of pH-triggered self-assembly of cyclic peptide 11. Schematic illustration of drops containing compound 11 in different assembly
degrees and locations, and confocal 3D projections of the droplets (bottom). Adapted with permission from ref. 84—-86. Copyright 2018 and 2016-Royal

Society of Chemistry and 2020-Wiley-VCH GmbH, respectively.

of histidine and lysine residues in the cyclic peptide at acidic
pH circumvents the assembly of supramolecular structures due
to electrostatic repulsions.®® In contrast, deprotonation (alkali-
nisation) or counterion shielding (ionic strength) attenuates
these repulsive forces and favours the stacking of the cycles to
form the corresponding NTs. Moreover, the formation of bun-
dles of NTs is assisted by the interaction of pyrene units, which
can be monitored by the quenching and the bathochromic shift
of the pyrene fluorescence emission, due to excimer formation.
Taking into account these principles and regulating mixing
regimes and trigger signals in microfluidics, it is feasible to
control the pathways in the supramolecular polymerization
process and to tune the packing degree, as well as the chemical
nature and the spatial positioning of the resulting supramole-
cular peptide fibers. Experiments performed with pure water in
one channel and an acidic aqueous solution of cyclic peptide 11
in another channel, thus allowing the final encapsulation in
droplets once the channels were merged, disclosed emission
properties that were characteristic of equally distributed

This journal is © The Royal Society of Chemistry 2025

dispersed cyclic peptides and monomeric pyrene units. How-
ever, when an alkaline solution was instead injected, a red-
shifted green, fluorescent emission was detected at the edges of
the droplet, and the related micrographs showed that the
supramolecular peptide NTs tend to be adsorbed at the bound-
ary of the water droplet interface. In contrast, when a solution
of high ionic strength (CaCl,, 1 M) was used, the NTs were
localized at the droplet core.

Granja et al. have also created a novel type of cyclic peptide
hybrids with the ability to stack together in a parallel manner,
S0 as to create NTs that can flex when exposed to light.®° In this
scenario, the anthracene attachment on each cyclic element
undergoes photodimerization, leading to alterations in the
NT’s dimensions and potentially prompting structural modifi-
cations in the way the NTs are packed, causing them to curve.

Regarding the second strategy, in which polymeric entities
are covalently attached to cyclic peptides, the work of Biesalski
and co-workers results essential, since they described the first
example of a peptide-polymer hybrid structure.’® To this end,

Chem. Soc. Rev,, 2025, 54, 5657-5697 | 5663
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Fig. 6 (a) Structure of cyclic peptide 12 and schematic outline of the
synthesis of its corresponding peptide—polymer hybrid NT. AFM image of
NTs and height distribution from the statistical analysis of adsorbed NTs
from the assembly of (b) cyclic-peptides and (c) peptide—polymer hybrids.
Adapted with permission from ref. 90. Copyright 2005-Wiley-VCH GmbH.

they conjugated a polymer initiator group to an o-peptide
(compound 12 in Fig. 6a). In their approach, the polymer was
linked to the surface of the structure after the formation of the
ensemble by embedding the peptide NT in a polymeric shell.
The morphology of the cyclic peptide NTs and the peptide-
polymer NTs was compared by AFM (Fig. 6b and c). Single NTs
and 2D aggregates with an average height of 1.7 & 0.2 nm were
observed for the first ones, whilst the peptide-polymer NTs
were present as distinct rod-shaped structures that were
12 + 3 nm in height.

Additionally, the preparation of hybrids of cyclic peptides
and polymers can also be performed before NT formation, as
firstly demonstrated by Bérner’s group.®! More recently, Perrier
and Jollife’s group has shown many examples using this con-
vergent methodology.”>°* Many of these systems have unra-
velled possible potential applications derived from their

5664 | Chem. Soc. Rev,, 2025, 54, 5657-5697

View Article Online

Chem Soc Rev

959 and their

aggregation behaviour and activity inside cells,
membrane permeabilization abilities.”” In one of their most
representative works, they prepared NTs with dual functionality
by the connection of two different polymer chains to the
peptide structure (Fig. 7a).® The combination of immiscible
polymers and a cyclic peptide led to the creation of Janus NTs,
which assembled into artificial pores comprised of bundles of
these tubes through a phase segregation process. Polystyrene
(PS) and poly(n-butyl acrylate) were chosen as non-miscible
polymers in compound 13a. With the aim to compare it
with the Janus structures, the hybrid cyclic peptide-polymer
conjugate 13b, bearing two miscible polymers: PS and
poly(cyclohexyl acrylate), which should form a single micro-
phase corona, was also prepared. The formation of NTs was
confirmed by FTIR, dynamic light scattering (DLS) and small
angle scattering experiments (SAXS). Additional nuclear Over-
hauser enhancement spectroscopY (NOESY) NMR experiments
enabled to distinguish the Janus versus mixed nanostructures
by analysing the absence or presence of contacts between
different polymeric chains, respectively. Moreover, differential
scanning calorimetry (DSC) analyses corroborated the micro-
phase separation in Janus NTs by the observance of two distinct
glass transition temperatures (T,). In contrast, the same analy-
sis performed in the mixed NTs led to a single T, because of
the miscibility of the polymeric chains.

The same authors have as well reported the use of their
Janus-structures as potential drug carriers.”®'°® Amphiphilic
polymer-cyclic peptides were able to originate NTs with a
hydrophobic internal channel (diameter: 16 nm) and a hydro-
philic shell. The barrel-shaped alignment of single peptide NTs
into a large tubisome supported the perforation of the lysoso-
mal membrane in cells and the consequent release of calcein
into the cytosol. Very recently, they have also described an
efficient approach to create polymeric tubular structures from
cyclic peptide-bridged amphiphilic diblock copolymers with
photoresponsive abilities.'”" The tubisomes obtained display
good biocompatibility, high drug loading content and rapid
drug release upon UV irradiation.

Perrier’s group has also recently published a compelling
work based on the stabilization of polymer-peptide hybrid NTs
in water. In order to improve their self-assembly, a hydrophobic
domain was formed in the periphery of the cyclic peptide
through the connection of an amphiphilic diblock copolymer
(compound 14 in Fig. 7b).”® Thus, a secondary driving force
created a hydrophobic region surrounding the peptide core,
which prevented the competition of water molecules with the
H-bonds participating in the stacking of the cyclic peptides.
The formation of NTs was confirmed by TEM and small-angle
neutron scattering (SANS), and the presence of a hydrophobic
core was supported by the emission merged from the encapsu-
lation of the fluorescent dye 1,6-diphenylhexatriene, whose
emission is normally quenched in water solutions. The inves-
tigation of the stability of the ensembles was carried out by
comparing static light scattering (SLS) measurements in differ-
ent experimental conditions. The dynamic behaviour of the
ensembles was probed by Foster resonance energy transfer

This journal is © The Royal Society of Chemistry 2025
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(FRET) studies. For that purpose, FRET donor Cy3 or acceptor
Cy5 dyes, were linked to the periphery of the peptide structure.
Only when the two dyes are assembled together in the same NT,
the proximity between them favours the energy transfer event.
If the cyclic peptides are highly dynamic, i.e., they disassemble
and re-assemble readily, they would progressively form mixed
NTs. However, when the pre-assembled Cy3- and Cy5-diblock
conjugates were co-injected together, the change in FRET ratio
was extremely slow, as opposed to the control experiment with
free dyes where a constant moderate FRET ratio was observed.
These results corroborated the kinetic stability of the NTs
formed. Finally, in order to visualize this exchange, the group
imaged the NTs using super-resolution fluorescence micro-
scopy. By this technique, they could compare the images
obtained from the mixture of Cy3 and Cy5 conjugates with
the ones for the mixture of the separately pre-assembled Cy3
and Cy5 peptides. In the first experiment, the images showed
aggregates composed of the combination of both conjugates,
whilst the second experiment resulted in more aggregates

This journal is © The Royal Society of Chemistry 2025

exhibiting a single colour, showing that the Cy3 and Cy5 dyes
were not as well mixed as in the non-preassembled compounds
solutions. The kinetic stability of the hydrophobic core restricts
the free interchange of cyclic peptide-conjugates between NTs,
which accounts for the observation that Cy3 and Cy5 are not
randomly distributed within the NTs.

This group has also described a method for creating efficient
artificial light-harvesting systems using supramolecular pep-
tide NTs in water.®® A two-step sequential energy transfer
process is produced in the co-assembly of three hydrophobic
chromophore (pyrene, naftalene monoimide and Cy3 in com-
pounds 15a, 15b and 15c, respectively, in Fig. 7¢) cyclic pep-
tides. An efficient FRET process takes place in which light
energy is transferred from 15a to 15b, and subsequently trans-
mitted to 15c. This phenomenon leads to an energy transfer
efficiency of up to 95%, a fluorescence quantum yield of 30%
and highly stable system. Additionally, the emitted light can be
adjusted from blue to green to orange and can even produce
white light with a fluorescence quantum yield of 29.9%.
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Xu and co-workers have as well used this convergent meth-
odology, in which the connection of polymeric chains is per-
formed before NT formation, in their investigations. The
growth of NTs in a confined geometry can be modulated by
the regulation of the interactions between NTs and medium
through the selection of a polymer conjugate with a specific
solubility in the copolymer microdomain. In one of their works,
they were able to conjugate low molecular weight poly(ethylene
oxide) (PEO) to cyclic peptides.'®*'% After that, they assembled
the cyclic peptides vertically by annealing the PEO-peptide
conjugates with a hexagonally packing poly(styrene-b-methyl
methacrylate) block copolymer. With this method, they created
nanochannels in free standing polymeric films able to trans-
port gases.'*?

2.2. Aromatic cycles

Cyclic oligoamides. The combination of aromatic groups
and amides has given rise to a fascinating type of macrocycles
with a strong bias to associate in a highly directional manner.

The first group to introduce cyclic oligoamides to create NTs
was Gong’s research group, which has subsequently explored
this molecular design in manifold ways. In their attempt of
extending their family of helical polymers based on the back-
bone rigidification of aromatic oligoamides, they discovered
that one of their compounds originated a macrocycle and they
reported the highly efficient one-pot synthesis of this new
compound (16) and its subsequent aggregation into NTs
(Fig. 8a)."°%'% The formation of the macrocycle is favoured
by the three-centered intramolecular H-bond interaction, which
preorganizes the uncyclized oligomer precursors. Taking
advantage of this finding, the group has published numerous
examples showing the strong aggregation of related macro-
cycles into tubular structures.'®'®” Due to the flatness of the
structure and its large aromatic surface area, the directional
assembly is most likely mediated by intermolecular aromatic
stacking interactions, generating unidimensional objects with
a long channel. They have also reported the use of these NTs
for the incorporation of metal ions,'® as transmembrane
systems, °'*? and as liquid crystals.'"

As previously mentioned, the control of the length in supra-
molecular polymers constitutes a challenge because monomers
tend to associate into polydisperse aggregates. Gong and co-
workers have described the assembly of oligoamide macro-
cycles into discrete stacks without the use of any template.
Specifically, their compounds can stack into tetramers with a
defined length and a fixed pore diameter.** Concentration
dependent 'H NMR and NOESY experiments in solution
revealed the characteristic changes involved in the formation
of supramolecular aggregates. Additional diffusion-ordered
spectroscopY (DOSY) experiments suggested that the macro-
cycles associated into discrete oligomers. These findings were
further supported by computational analysis and the X-ray
structure of the single crystal of one of the compounds of
the family, confirming the aggregation into ‘“quadruple-
decker hamburger” with two planar “inner cycles” and two
bowl-shaped “capping cycles” that position protruding
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electronegative amide oxygen atoms at both ends of the tetra-
meric structure. The discrete stacks of these cycles closely pack
into two dimensional (2D) layers that further stack on top of
each other.

The same authors have also reported extremely strong
tubular stacking processes with this kind of oligoamide
macrocycles.'™® In a new generation of cyclic systems, they
attached amide side chains to the backbone of the cycle
(compound 17 in Fig. 8b). 'H NMR studies carried out in CDCl,
and more polar solvents like DMSO-d¢s and DMF-d, proved the
aggregation of oligoamide 17. Additional experiments per-
formed in CDCl; with increasing amounts of DMSO-ds and
the comparison of the same experiments with non-cyclic com-
pound 18, allowed to extract information about the exposure of
the different amides to the solvent media. The corresponding
results suggested that amide side chains in 17 are oriented to
solvent molecules as in the molecularly dissolved compound
18, whilst the aggregation in compound 17 prevents the contact
of the amide groups of the skeleton of the cycle with solvent
molecules. Emission spectra collected at reduced concentra-
tions in CHCl; (Fig. 8b bottom left) indicate that 17 remains
aggregated at concentrations as low as 1 pM and it is at the
monomeric state only at 0.1 pM, which disclose beyond doubt a
huge aggregation propensity in this solvent. The columnar
assembly was also demonstrated by XRD on solid samples.
Reflections typical of columnar stacks of disc-like molecules
that packed in a hexagonal (coly,) lattice were observed. Bearing
in mind these findings, it was possible to calculate the diameter
of the ensemble as 29.8 A. Moreover, a peak ascribed to n-n
interactions at 3.66 A was also found. Considering the Scher-
rer’s equation,'*® the length of the NTs could be estimated as
22 nm, corresponding to the stacking of 60 cycles. This data
remarks the high-order association into long columns.

Recently, the authors have tuned the inner pore of the cycles
by a structural modification of one of the macrocycles pre-
viously reported.'®® This structural alteration comprised the
replacement of part of the conventional aromatic oligoamide
backbone used by the research group by a diethynylarene unit
with an inward pointing functional group (X) that permitted the
modulation of the pore properties (Fig. 8c)."'" Furthermore, a
secondary amide side chain was also incorporated to
strengthen the directionality of the aggregation. The formation
of NTs was supported by the results obtained by "H NMR and
emission and UV-vis spectroscopies. Moreover, AFM images
exhibited nanofilaments that constituted and additional evi-
dence of the organization into nanotubular structures. The
assessment of the capacity of the family of macrocycles toward
transmembrane proton transport led to different results as a
function of the X group incorporated. A vesicle-based stopped-
flow kinetic assay of the emission intensity was adopted to
monitor proton transport across lipid bilayers. While signifi-
cant enhancement of proton transport was observed in the
presence of 19a and 19c¢, no transport above background was
detected with 19b or 19d. This dissimilar behaviour could be
attributed to the different arrangement of the corresponding
NTs that gave rise to diverse pore properties. In order to check if

This journal is © The Royal Society of Chemistry 2025
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Adapted with permission from ref. 105, 110 and 111. Copyright 2015 — Royal Society of Chemistry, and 2013 and 2016 — American Chemical Society,

respectively.

the absence of transport could be due to the blocking of the
channel by some X groups, chloride ion transport was also
examined. Thus, the pores of 19b and 19d, even being
impermeable to protons, allowed the transport of chloride ions,
indicating that the pore was not physically blocked. Effective
anion binding and transport has also been recently reported by
Gong’s research group for new Cs-symmetric aromatic pentaa-
mide macrocycles that were incorporated in biomembranes.'*>

This journal is © The Royal Society of Chemistry 2025

Focused on the same research purpose, Zeng and co-workers
have also synthesized aromatic oligoamide macrocycles with
the ability to form 1D-nanostructures capable to encapsulate
solvent molecules and gelate.''® In their work, they designed
similar macrocycles to those described by Gong and co-workers
in which fluorine atoms were incorporated at the aromatic
rings facing towards the interior of the cycle (Fig. 9a). The
introduction of F at these positions created very strong
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(a) Structures of fluoropentamers 20a—c (left), top and side views of crystal structure of 20a (middle) and TEM and SEM images of the gels formed

by 20a in n-hexane (right). (b) Molecular structures of macrocycle 21 and schematic representation of the Cs*-directed self-assembly and the
consequent UV-promoted polymerization. (c) Chemical structure of cyclic compound 22 and schematic illustration of the protonation-induced self-
assembly process and consequent UV irradiation. Adapted with permission from ref. 116—-118. Copyright 2011, 2019 and 2020 — American Chemical

Society, respectively.

intramolecular C-F- - -H-N bonds and did not alter the planar
conformation characteristic of the aromatic oligoamide macro-
cycles. X-Ray measurements of the single crystal obtained for
compound 20a revealed the existence of intermolecular H-
bonds and m-n stacking between cycles. Considering these
results, compounds 20b and 20c, in which hydrocarbon chains
were anchored to the cyclic structure, were designed as possible
organogelators. Thus, the tendency of these cycles to stack that
was previously probed for compound 20a, and the intercolum-
nar interactions through hydrocarbon chains, derived in the
formation of 3D networks able to entrap organic solvents and
gelate. The gelation behaviour of both compounds in a variety
of organic solvents was investigated. UV-Vis spectroscopy
informed about the arrangement of the molecules in the gel
structure. The blue shift observed from CHCI;, where no
gelation takes place, in comparison to the rest of the solvents
in which both compounds form gels, was ascribed to the
presence of H-aggregates, which was also in accordance with

5668 | Chem. Soc. Rev,, 2025, 54, 5657-5697

the crystal structure of 20a. TEM studies resulted in the
observation of nanofibers and the corresponding SEM images
of the gels showed their characteristic porous structure. More-
over, XRD analysis indicated the generation of 3D entangled
nanofibers by the penetration of the alkyl side chains into
each other.

Kim’s research group have recently published an example of
oligoamide macrocycle that combines amides, pyridines and
polydiacetylenes (compound 21 in Fig. 9b).""” On one hand, the
pyridine nitrogen and the amide groups provide donor sites to
the cycle for binding metal ions. On the other hand, the
polydiacetylenes facilitate the directional organization of the
macrocycles into hollow 1D-dimensional ensembles and permit
their topochemical polymerization to form rigid NTs. Macro-
cycle 21 crystallized into a chair-like conformation that stacked
in a columnar arrangement generating the expected tubular
structures. The system showed efficient Cs' coordination and
topochemical polymerization upon exposure to 254 nm UV

This journal is © The Royal Society of Chemistry 2025
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light. As a result, Cs'-containing polydiacetylene NTs with
thermochromic properties were generated.

A very similar compound to this one was recently published
by the same authors (22 in Fig. 9¢)."*® In this case, the chemical
structure was varied just in the length of the alkyl chains that
act as flexible spacer between amides and diacetylenes. In this
work, the protonation of the pyridine was used to promote the
self-assembly of these flexible macrocycles. An aqueous H,SO,
solution was added to a solution of macrocycle 22 in THF to
protonate the pyridine rings. The supramolecular salts gener-
ated were drop-casted on a glass substrate to afford the final
one-dimensional structures, where protonation was confirmed
by FTIR studies. Additional "H NMR experiments in CDCl; were
performed to evaluate the appropriate ratio of H,SO, for pro-
tonation of macrocycle 22. The ratio 1:2 (macrocycle
22:H,S0,) in which all the protons of the macrocycle disap-
peared due to the precipitation of the protonated salt, was
found optimal. A mass peak attributed to the 1:2 adduct was
also observed by MALDI-TOF spectrometry. Moreover, X-ray
diffraction analysis provided information about the organiza-
tion of the ensemble. Comparing the results obtained with
those found for compound 21, the authors suggested the
stacking of macrocycle 22 in a non-planar stair-like conforma-
tion. Taking advantage of the presence of polymerizable groups
and as in the example previously described, the monomeric
protonated macrocycle was polymerized under UV light to
afford robust columnar nanoarchitectures with multi-stimuli
colorimetric responses: reversible thermochromism, selective
solvatochromism for dimethyl sulfoxide and dimethylforma-
mide, and organic/inorganic base sensing. The differences in
the morphology of the non-polymerized and the polymerized
nanostructures were investigated by SEM. A very similar fibrous
structure was observed for the nanostructures formed by pro-
tonated macrocycle 22 and by the polymerized structure.

Cyclic oligoureas. Cycles based on oligoureas have also been
considered as scaffolds for the construction of supramolecular
NTs by different groups.

Shimizu and co-workers have synthesized different macro-
cycles constituted by oligoureas. In their first example, the
smallest symmetrical member of the family containing two
urea groups separated by two rigid aromatic units 23 was
designed (Fig. 10a).""® After that, the aromatic spacers were
varied from m-xylene, 4,4'dimethyl-diphenylether, to 4,4'-
dimethylbenzophenone."*"*' The whole family crystallized
into the expected columnar structures. The solid structure of
compound 23 showed both intermolecular urea H-bonds and
aryl interactions between the cycles.

Inspired by the more flexible oligourea systems capable to
crystallize into columnar ensembles described by Guichard’s
and Ranganathan’s research groups,'**'** Shimizu’s research
group considered the creation of unsymmetrical oligoureas by
the replacement of one of the aromatic spacers in compound 23
by an aliphatic spacer (compounds 24-28 in Fig. 10b)."**> As a
consequence, the solubility was improved and experiments in
solution could be performed. Unexpectedly, some dissimilari-
ties were found in the organization of the compounds in the
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Fig. 10 (a) Chemical structure of rigid macrocyclic bis-urea 23 and
corresponding stacking into columnar structures (right). (b) Structure of
flexible bis-ureas 24—-28 and (c) normalized FT-IR spectra of macrocycles
24 (left), 25 (middle), and 26 (right) at different concentrations. Adapted
with permission from ref. 122. Copyright 2009 — American Chemical
Society.

solid state. Only oligoureas 24 and 28 were able to crystallize
into columnar arrangements with strong urea-urea interac-
tions, although the intermolecular n-n interactions unveiled
for 23 and 28 were substituted by CH-:--m interactions in
compound 24. However, compound 25 did not crystallize and
compounds 26 and 27 led to solid structures in which the
organization was not columnar. The influence of the heteroa-
toms in the strength of the macrocycle-macrocycle association
constant was evaluated through solution studies. The calcula-
tion of the association constants was performed by FTIR
(Fig. 10c) following the method used by Jadzyn and Bouteiller
for the aggregation of acyclic bisureas."”® The corresponding
association constants for the oligomerization of the macro-
cyclic oligoureas 24-26 in tetrachloroethane resulted much
lower (K = 5-600 M) than those obtained for related acyclic
bisureas (K = 1900 M~") in CHCl;. Moreover, compounds
equipped with ethylene glycol chains 24 and 25 showcased
lower association constants compared to compound 26, prob-
ably due to the formation of intramolecular H-bonds with the
ether oxygens, which compete with those promoting the cycle
stacking.
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Fig. 11 (a) Chemical structure of DMTTF-containing bis-urea 29. (b)
Cyclic voltammograms of 29 (5 x 10~> M, DMF, Ag/AgNOs as reference
electrode, glassy carbon as working electrode, BuyNClO4 as supporting
electrolyte, 298 K) at several scan rates (left) and differential pulse voltam-
metry of 29 under identical conditions (right). (c) Proposed redox-
controlled assembly—disassembly mechanism. Adapted with permission
from ref. 126. Copyright 2009-American Chemical Society.

Also, based on Ranganathan’s model, Martin’s research group
designed a bisurea macrocyle with flexible alkyl spacers to link two
urea groups to two electron-donor di(methylthio)tetrathiafulvalene
(DMTTF) electroactive moieties (29 in Fig. 11a)."*® Comparison of
the room temperature "H NMR experiments of 29 in solvents of
different polarity, as well as variable temperature and depolymer-
isation experiments by the addition of a strong H-bond acceptor
solvent, confirmed the formation of oligomers of 29 through H-
bonding. Besides, DLS measurements of solutions of 29 in CH;OH
permitted to do an estimation of the length of the oligomers,
disclosing a distribution from 110 to 150 nm, centered at 135 nm.
The organization of the molecules in the assembly was further
investigated by cyclic voltammetry (CV; Fig. 11b, left) and differ-
ential pulse voltammetry (DPV; Fig. 11b, right) experiments, taking
advantage of the presence of the electroactive DMTTF groups.
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Voltammograms recorded in DMF solutions disclosed two different
quasi-reversible and one irreversible oxidation processes. The
appearance of a third oxidation process at an intermediate
potential, E, = 0.39 V, between the first and third potentials, E; =
0.30 V and E; = 0.67 V, and the broadening of all waves in the DPV
experiments are a trademark of TTF in close spatial proximity. This
closeness can only be reached if the DMTTF units of the macrocycle
stack forming the NT. In a control experiment, E, was not detected
when the supramolecular structure was disassembled by addition
of DMSO. Considering this model, the group was able to control
the self-assembly process electrochemically (Fig. 11c). For that
purpose, CV experiments at different scan rates (100-1000 mV
s~ ") were performed. At potential E; involving 7 electrons, (29);"
would be formed (where 7 is the number of molecules of 29 that
constitute the NT-mixed valence species). The stabilization of the
aggregates would be explained by the charge-transfer interactions
between vicinal oxidized and neutral DMTTF units. In a second
more energetic oxidation process (E,) involving n electrons,
(29)7" species would be generated. In a full oxidation at E;
involving 27 electrons, free n x 29*" macrocycles would be obtained
due to Coulombic repulsion.

Rigid m-conjugated spacers have as well been incorporated
to bisurea macrocycles. For instance, Greytak and Shimizu
introduced two rigid phenyl spacers to link two urea groups
(compound 30 in Fig. 12).">” XRD of the single crystals obtained
from DMSO solution unveiled a columnar arrangement with a
channel filled with DMSO molecules. In this work, the research
group investigated the encapsulation and orientation of a guest
within the pore of the NT formed. To permit the uptake of the
fluorescent push-pull dye selected 31, the exchange of the
DMSO molecules through activation of the NTs by heating

31
1l

~

Fig. 12 Chemical structure of rigid macrocycle bis-urea 30, schematic
illustration of its crystallization into columnar stacks, and encapsulation of
dye 31 with dipole moment orientation. Adapted with permission from ref.
127. Copyright 2017-American Chemical Society.
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was required. Then, the activated crystals were treated with an
acetonitrile solution of 31. The first indication of the encapsu-
lation of the dye came from the colour change from white to
purple observed due to the solvatochromism of 31. A control
experiment performed on non-activated crystals where no
colour change was detected, allowed discarding surface absorp-
tion, and demonstrated the incorporation of 31 within the
channels. With the objective of quantifying the filling of the
dye, the complex was disassembled with DMSO-ds and ana-
lysed by "H NMR. The comparison of specific integrals of 30
and 31 provided a 11:1 ratio. Based on this result and the
structural model, the loading ratio represented about 50% of
the available space. Additional X-ray measurements indicated
that the high crystallinity was not reduced by the incorporation
of dye molecules into the pores. Moreover, the sensitivity of the
dye to solvent polarity provided information about the nature of
the pore. Within the channels, the dye exhibits an absorbance
peak position comparable to that discerned in a highly polar
solvent environment. Concerning the emission properties, even
though 31 is almost nonfluorescent in polar solvents, promi-
nent fluorescence was observed as an enhancement of emis-
sion in confined spaces. Regarding the orientation of the dye,
the emission was polarized along the fiber axis, achieving
polarization values as high as 0.729, which indicates a signifi-
cant level of directional alignment within the one-dimensional
channels.

More recently, Gale and co-workers have published an
interesting example of a tetraurea macrocycle consisting of
four urea groups connected by ortho-phenylene rings.">® The
combination of urea H-bonds and n-m stacking interactions
enabled the formation of nanotubular channels in which
solvent-excluding ‘‘sandwich-like” binding sites between the
macrocycles for selective binding of chloride from aqueous
solutions were created. This approach offers the possibility of
working in aqueous environments with anion-binding classical
urea receptors that usually operate in organic solvents.

Cyclic arylene-ethynylenes. With their persistent shapes,
that is, comprising rigid backbones and nondeformable inner
pores, these macrocycles have attracted considerable interest as
a novel class of monomers for the construction of nanotubular
assemblies with pores of defined diameters."***3°

Aggregation of phenylene-ethynylene macrocycles was firstly
investigated by Moore et al. Their studies revealed that the
stacking of conjugated aromatic cycles is highly influenced by
the polarity of the solvent used."*' Thus, polar solvents favour
the aggregation whilst low-polar solvents attenuate the assem-
bly. Likewise, the aggregation process is also affected by the
properties of the side chains incorporated to the backbone,
being enhanced by electron-withdrawing groups and weakened
by electron-donating groups.**?

In order to obtain well-defined, monodimensional assem-
blies built-up from arylene-ethynylene molecules, Moore and
co-workers have also explored the substitution of phenylene
groups by another aromatic derivative with large planar
molecular surface. For instance, the incorporation of carbazole
derivatives allowed the fabrication of a new type of
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Fig. 13 (a) Structure of macrocyle 32. (b) Concentration dependence of
the *H NMR spectra of 32 in CDCls at 303 K (the signals marked ‘s’ are the
satellite signals (*C—H coupling) of the residual solvent). (c) Schematic
illustration of the self-assembly of 32, where n-stacked columns form a
hexagonal structure. Adapted with permission from ref. 135. Copyright
2016-Wiley-VCH GmbH.

nanomaterials with well-defined, non-collapsible internal chan-
nels and interesting potential applications in nanoscale optoe-
lectronic devices.'**"3*

Following a similar strategy, Kobayashi’s research group
reported the combination of anthracene derivatives and phe-
nylene ethynylene units for the synthesis of rigid and planar
cycles suitable for n-stacking into supramolecular architectures
(compound 32; Fig. 13a)."*®> The high dependence of the
"H NMR chemical-shifts of macrocycle 32 as a function of the
concentration or temperature in CDCl; (Fig. 13b) were indica-
tive of the presence of n-rn interactions. The corresponding fit
of the data to the isodesmic mechanism resulted in an associa-
tion constant of K, = 6980 M~ ' in CDCl,. This value was higher
than the one obtained for simple cyclic meta-phenylene-
ethynylene and meta-phenylene-diethynylene hexamer analo-
gues and demonstrated the enhancement of m-m stacking
interactions assisted by anthracene rings. SEM images of
drop-casted films and XRD analysis of the powder of 32 from
evaporated CHCI; solutions confirmed the formation of nano-
fibers with hexagonal packing structure (Fig. 13c).

An alternative strategy to strengthen the formation of
organic NTs from the self-assembly of phenylene-ethynylene
macrocycles was developed by Gong’s research group, who
introduced cooperative interactions between n-n stacking and
H-bonding. Their design consisted in planar, m-conjugated
hexa(m-phenylene-ethynylene) cores decorated with amide side
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(a) Chemical structures of macrocycles 33a—d, model of the helical stack of the macrocycles by QMD simulation (right) and AFM image (bottom)

of 33c assembled in CCl, and deposited on mica (scale bar for the main image and the inset is 500 nm and 40 nm, respectively). (b) Structure of
macrocycles 34 (top) and measured (bottom, blue solid line) and simulated (bottom, red dash line) CD spectra of the 1:1 mixture of (left) 33b and 34a,
(middle) 33b and 34b, and (right) 34a and 34b in CCl, (5 uM per compound). (c) Structure of macrocycle 35 and rod-like hydrophobic guests with a
defined length 36, and representation of the guest-dependent size of the tubular assemblies of 35. Adapted with permission from ref. 136-138. Copyright

2012-Springer Nature, 2017 and 2020 — American Chemical Society, respectively.

chains. Driven by the formation of the maximum number
of H-bonds, the macrocycles were forced to stack cofacially,
forming columnar assemblies that are confined in H-bonded
networks. In their first article published on these chemical
structures, they assessed the critical importance of H-bonds
and the internal cavities in the formation of nanotubular
structures.”*® With this objective in mind, they synthesized
macrocycles 33a-d with planar m-conjugated cores and six
amide side chains (Fig. 14a). Compounds 33a and 33b possess
chains of different length but similar internal cavity, whilst
compound 33c shares the same side chain as 33a and differs
from it in the substituents oriented to the internal cavity.
Compound 33d bears tertiary amide side chains and cannot
form H-bonds. The presence of long fibers was observed on
solid surfaces for 33a and 33b by SEM and TEM microscopies.
Additionally, AFM measurements revealed an interfilament
distance for 33a of 3.2 nm, in agreement with the

5672 | Chem. Soc. Rev,, 2025, 54, 5657-5697

intercolumnar distance detected by XRD on the bulk sample
of 33b. The AFM images of 33c (Fig. 14a), including two methyl
groups in its cavity, also showed fibrillar structures and from
this it can be inferred that there is no effect of the methylation
of the inner cavity on the assembly of the cycles. On the
contrary, compound 33d, devoid of the NH amide group, was
unable to aggregate into tubular architectures and conse-
quently, no fibers were observed by AFM. This fact was accom-
panied by the lack of CD response in conditions in which
compound 33b exhibited strong CD signals indicative of the
presence of chiral assemblies, and provides additional support
for the significance of H-bonds in the formation of these NTs.
The resultant hydrophobic pore created in the NTs formed
displayed highly selective ion transport and efficient water
transport across lipid membranes.

Further modifications on the inner cavities of rigid macro-
cyclic building blocks permitted the authors to investigate the

This journal is © The Royal Society of Chemistry 2025
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effect of simple structural modifications on the strength of the
association.”®® The comparison of absorption and dichroic
spectra in solvents of different polarity and at different tem-
peratures provided information about the stacking strength of
the macrocycles. Thus, the introduction of different inward-
pointing functional groups modified not only the cavities but
also the electronic features that influenced the tendency of the
cycles to stack. Electron-withdrawing groups diminish the
electron density within the cycle, promoting n-n stacking
interactions. Conversely, electron-donating groups increase
the electron density, reducing the strength of the stacking
interactions.

Taking advantage of the different electronic properties of the
backbones, hetero-association can be promoted to form hybrid
NTs."®” With this objective in mind, macrocycles derived from
compound 33b in Fig. 14a were synthesized having electron-
withdrawing fluorine substituents, as in compound 34a, or
electron-donating amino substituents, as in compound 34b
(Fig. 14Db). The formation of nanotubular stacks of identical
outer dimensions by the self-assembly of compounds 34a and
34b was confirmed by NMR, UV, CD and fluorescence spectro-
scopies and by AFM. The propensity of the different macro-
cycles to heteroassociate was first probed computationally by
density functional theory (DFT) method considering stacks of
12 macrocycles. The binding energy obtained between two
macrocyclic molecules pointed out that, with the exception of
the most stable heterodimer, consisting of 33b and 34a, the
remaining five dimeric stacks show little variation in their
binding energies. This indicates that these macrocycles do
not exhibit a strong tendency for self-association. The three
macrocycles (33b, 34a and 34b) were then mixed in pairs in
CCly, leading to three 1:1 mixtures, 33b + 34a, 33b + 34b, and
34a + 34b. The CD spectrum of each pair was then measured
and compared with the simulated spectra of a hypothetical 1:1
mixture in which the component macrocycles do not mix-
assemble (Fig. 14b bottom). For the mixture of 33b and 34b,
the calculated and observed spectra show some resemblance,
although they have distinct features. The spectra obtained from
the 1:1 mixtures of 33b and 34a, and 34a and 34b, were clearly
dissimilar from the simulated ones and suggested the existence
of favourable hetero-association processes.

In a recent article, the aggregation of this kind of structures
in aqueous solution was studied.'*® The self-association of
compound 35 induced the formation of tubular structures with
hydrophobic inner pores that served as supramolecular hosts
for binding hydrophobic guests in water (Fig. 14c). Rigid
oligo(p-phenylene ethynylene) segments 36a-d of different
lengths were chosen as guests. The interaction of the four
guests with 35 was probed by spectroscopic, NMR and compu-
tational studies. The mixtures of host and guests and host
alone in D,0O were analysed with DOSY. The average diffusion
coefficients (D) obtained followed a trend that was inversely
correlated to the length of the guests. These results indicated
that the length of the guest used defined the number
of macrocycles in each complex forming discrete tubular
assemblies, i.e., pseudorotaxanes. Moreover, average diffusion
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coefficients of all four complexes resulted smaller than that of
35, which confirmed the control of the stack growth towards
the formation of discrete templated assemblies.

The vast amount of examples highlighted in this first section
proves the relevance of this strategy, where new structural
motifs as well as emerging and novel functions derived from
those are still under development.

3. Non-covalent cycles

The formation of NTs through the stacking of supramolecular
macrocycles represents a significant advancement in the field
of nanochemistry (Fig. 15).>>%'4° Macrocycles constructed
through non-covalent interactions offer several advantages over
the ones described in the previous section, built by covalent
bonds. Non-covalent interactions, such as H-bonds, solvopho-
bic forces or metal-ligand (M-L) interactions, among others,
are reversible and highly dynamic, which brings about multiple
novel properties to supramolecular materials, like stimuli
responsiveness. Due to this reversibility, these interactions
can be regulated smoothly through changes in concentration,
pH or temperature, permitting quick responses to environmen-
tal changes. Moreover, supramolecular forces like H-bonds or
M-L interactions, can provide high directionality and specifi-
city in molecular recognition. For example, complementary
supramolecular patterns can lead to selective binding without
the need for permanent changes in covalent structure. In
summary, while covalent bonds are crucial for creating stable
and strong connections within molecules, non-covalent inter-
actions provide flexibility, specificity, and dynamic properties
to the final structure.

The formation of supramolecular macrocycles, in equili-
brium with non-cyclic oligomeric species, is favoured as long
as the associated chelate cooperativity is high enough."*'™*” In
this ring-chain equilibria, the cyclization process, or in general
the formation of intramolecular bonds, competes with

Non-Covalent
Cycle

\
{ M-L interactions \
0 O . H

b .. Solvophobic interactions /
,

.

SELF-ASSEMBLED
NANOTUBE
Fig. 15 Schematic representation of the reversible association of non-
covalent cycles from individual units and subsequent reversible stacking of
these cyclic entities into self-assembled NTs.
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analogous intermolecular interactions. This competition is
quantified by the effective molarity (EM), defined as the ratio
between intramolecular and intermolecular equilibrium con-
stants for thermodynamically controlled processes (EM = Kipra/
Kinter)- Therefore, in addition to a strong association constant, a
careful structural design of the self-assembling units with the
aim to maximize EM results crucial for the high-fidelity for-
mation of cyclic structures.

Numerous examples in the literature demonstrate their
success in forming stable supramolecular macrocycles under
specific conditions of monomer concentration, temperature,
and solvent polarity."*>™** In this section we focus on those
that further allow the formation of nanotubular structures. The
most common non-covalent interactions considered for the
construction of non-covalent macrocycles for NT formation in
the literature comprise highly directional H-bonds and M-L
interactions, but also low directional interactions like solvo-
phobic forces. Similarly to the covalent cycles, in the examples
gathered in this section, H-bonds and/or n-n stacking are the
primary interactions that promote the stacking of the cycles
into the nanotubular structure.

3.1. Cycles formed by H-bonds

Many scientists have directed their efforts to the non-covalent
synthesis of cyclic systems from molecules that interact
through complementary recognition units. To achieve this
goal, molecules must be meticulously designed with the neces-
sary chemical information to form specific designed structures.
This approach seeks to replicate the “smart” collective behavior
found in nature, where information is embedded in the
covalent bonds of biomolecules, guiding the structure and
function of complex biological systems at the nano- and
mesoscale."**"" In this context, H-bonding offers a high
degree of control over supramolecular assembly due to its
selectivity and directionality. Despite typically exhibiting lower
fidelity and cooperativity compared to M-L interactions, as well
as faster dynamics, many examples in the bibliography prove
the utility of H-bonds to create stable supramolecular rosettes
and cycles"**'** as good candidates for the creation of self-
assembled NTs.

H-bonded rosette macrocycles. The association of wedge-
shaped heterocyclic molecules with self-complementary H-
bonding faces can lead to rosette-like macrocycles. Quite com-
monly, these planar rosettes can establish stacking interactions
to yield supramolecular oligomers and polymers, but only in
some specific cases an internal lumen that is big enough to
accommodate small molecules or ions is created, so that the
system can then be considered a NT.

Examples of rosette macrocycles that provide internal pores
that are too small to host any molecule are those formed by
homo- or heteroassociation of cyanuric/barbituric acid and
melamine/diaminotriazine derivatives. The group of Yagai has
widely explored the hierarchical self-assembly of barbiturate
derivatives decorated with m-conjugated units into six-
membered H-bonded macrocycles that further stack and
evolve into complex supramolecular structures with different

5674 | Chem. Soc. Rev., 2025, 54, 5657-5697

View Article Online

Chem Soc Rev
topologies, including columnar structures.">>'>® Despite their
fascinating control over the topology of these superstructures,
the authors have not proved the presence of a lumen within the
columnar aggregates, and consequently, they typically define
the nanostructures formed as fibres, and not as NTs.

A similar strategy was followed by Meijer and collaborators.
The group reported the assembly of chiral n-conjugated oligo-
(p-phenylenevinylene) into rosette-like hexameric supermacro-
cycles via double H-bonding."™ Scanning tunneling micro-
scopy (STM) images revealed chiral hexameric rosette
structures with a cavity of 0.7 nm of diameter. The rosettes
further stack and form unidimensional objects with lengths up
to 10 pm as shown by atomic force microscopy.

The guanine or guanosine (G)-quartet motif constitutes one
of the most outstanding examples of the construction of dis-
crete cyclic assemblies through H-bonds."”>*® These species
are macrocycles that are assembled by double H-bonding (DD-
AA) (A = H-bond acceptor, D = H-bond donor) association of
guanosine derivatives. This cyclic arrangement typically exists
in balance with linear formations. However, when certain
cations, particularly Na' or K' salts, are present, the cyclic
structures become more stable through cation complexation.
This stability arises because the quartets feature four coordi-
nating carbonyl groups oriented towards their central cavity.
Furthermore, these quartets frequently organize into layered
structures, with the complexed cation positioned between two
layers of quartets and coordinated to eight carbonyl groups.
These intricate multicyclic stacked arrangements are referred
to as G-quadruplexes. These entities are formed through a
hierarchical self-assembly process, influenced by a combi-
nation of n-n stacking, solvophobic interactions, and cation-
dipole interactions."”*®* However, other than small cations,
the inner cavity of G-quartet oligomers or polymers is too small
to host common molecules.

Contrarily, some H-bonded rosette macrocycles can stack
into unidimensional polymers in which the presence of a pore
has been proven. That is the case of heterobicyclic fragments in
which the Watson-Crick H-bonded interfaces of complemen-
tary nucleobases are formally fused. As opposed to the previous
systems, the two H-bonding faces are here separated apart so
that a central void space is created upon rosette cyclization.
Fenniri’s research group has made significant advancements in
the use of heterocycles formed from fused guanine (G) and
cytosine (C) nucleobases (G*C) for creating supramolecular
macrocycles.*®*%417% The self-complementary nature of the
ADD H-bonding pattern of guanine and the DAA pattern of
cytosine drives the self-assembly into cyclic structures via H-
bonds. While previous work by Mascal, Lehn and colleagues
confirmed the formation of cyclic hexamers,'”""'”* it was Fen-
niri’s group the one which first illustrated the stacking of these
supramolecular macrocycles, so-called rosettes, into NTs in
aqueous environments.'®*

In their seminal work in 2001, Fenniri’s group demonstrated
the ability of G*"C motifs to self-assemble into stable six-
membered rosettes maintained by 18 H-bonds (Fig. 16a).'**
These macrocycles formed by compound 37a further stack into

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 (a) Molecular structure of GC derivatives (37a—d) and representation of rosette structure (X = CF3zCO,7). (b) TEM images and (c) DLS
measurements of 37c. (d) Hexameric rosettes and NT models corresponding to bicyclic 37a and tricyclic variant 37b. (e) TEM of the rosette NTs
obtained from the hierarchical self-assembly of 37a. (f) AFM image of an aqueous solution of 37b aged for 7 days. Adapted with permission from ref. 164,
165 and 169. Copyright 2001, 2002 and 2010 American Chemical Society.

rosette NTs (RNTs), with a central channel that is approximately
1.1 nm in diameter, driven by hydrophobic interactions and n-
n stacking. NOESY experiments conducted in a solvent mixture
of 90% H,O and D,O revealed NOE cross-peaks between pro-
tons from G and C motifs, which implies the occurrence of
intermolecular interactions. Additionally, in electrospray ioni-
zation mass spectrometry (ESI-MS) analyses of dilute aqueous
solutions, diverse peaks were detected that corresponded to
non-covalent intermediate species ranging from 1-mer to 6-mer
of the final hexameric structure. Various spectroscopic and
imaging techniques, such as TEM, confirmed the formation
of nanotubular structures having a ~4 nm outer diameter
(Fig. 16e). Finally, CD measurements revealed dichroic activity
of these systems in aqueous solution, ascribed to the formation
of helical NTs.

With this GAC molecule as reference model, the research
group has introduced some alterations in its chemical structure
with the objective of enhancing or modifying its intrinsic
properties. Thus, in one of their works, they developed new
water-soluble rosette NTs with giant molar ellipticity just incor-
porating a fused pyridine unit between both G and C nucleo-
bases (compound 37b in Fig. 16a)."® The extended = system of
the tricyclic self-assembling module 37a facilitated the for-
mation of hexameric rosettes in water that stacked to create
J-type NTs. The inner diameter increases by 0.4 nm and the

This journal is © The Royal Society of Chemistry 2025

outer diameter by 0.9 nm when transitioning from the bicyclic
structure 37a to the tricyclic structure 37b (Fig. 16d). The CD
signal of the assemblies of compound 37b increased ca.
40 times over 7 days reaching a superior molar ellipticity, with
respect to what was reported until that moment. The formation
of NTs was confirmed by TEM and AFM microscopies (Fig. 16f).
This novel design permitted an enhanced intermodular elec-
tronic communication and resulted in a nanotubular architec-
ture with unprecedented optical properties.

Other alteration that the group considered was the attach-
ment of an achiral 4-aminobenzo-18-crown-6-ether to the G*C
general structure (compound 37c in Fig. 16a).'®® By this mod-
ification, NTs formed from 37c were able to encapsulate chiral
molecules and exhibited chiral induction effects, leading to a
shift from racemic to homochiral helical structures. In parti-
cular, whilst compound 37c was found to spontaneously form a
racemic mixture of P and M helical NTs, the entrapment of
chiral amino acid t-alanine into the crown ether resulted in a
rearrangement to the formation of helical NTs with a dominant
chirality, which was indicated by the appearance of CD activity.

In a subsequent work, the incorporation of an additional
G~C motif to the general model led to twin G*C monomers able
to form twin-rosette structures which relied on programmed H-
bond information, stacking interactions and solvophobic
forces (compound 37d in Fig. 16a). By this approach, rosette
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“cages” formed from compound 37d can be obtained, which
can further self-organize into NTs.'®® In another related work,
twin G~C-bases were designed and synthesized to self-assemble
into twin-rosette ‘‘cage” structures utilizing only programmed
H-bonding information.'”® In a similar way, the formation of
NTs from the stacking of these rosette ‘“‘cages” could be
achieved.

H-bonded macrocycles from rod-shaped molecules. A differ-
ent approach to self-assembled NTs based on DNA nucleobase
pairing'’*'”®> has been developed by Gonzalez-Rodriguez’s
research group. The group started studying the macrocycliza-
tion process of dinucleobase monomers by Watson-Crick
H-bonding interactions."*>'*>'"” The general structure of
these monomers (Fig. 17) comprises a w-conjugated
p-diethynylbenzene core substituted with complementary bases
at the edges. The linearity and rigidity of the central core
combined with the 90° angle provided by Watson-Crick
pairing'’® favour the formation of rectangular unstrained
non-covalent cyclic tetramers.*”®7°
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Fig. 17 (a) Scheme of the two-step self-assembly of dinucleobase mono-
mers into NTs through supramolecular macrocycles and chemical struc-
ture of G-C derivative 38a. Changes observed in the CD spectra as a
function of the volume fraction of heptane (V,,) in mixtures with THF for (b)
38a, and (c) 38b. Adapted with permission from ref. 180 and 181. Copyright
2019 American Chemical Society, respectively.
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Due to the presence of rotatable 6-bonds in the central core,
which allow the existence of multiple conformations where the
Watson-Crick edges could point to the same or opposite sides
of the monomer, these cyclic species can establish an equili-
brium with linear oligomers.'®> When monomers substituted
with G and C bases at the edges were studied, the corres-
ponding tetrameric macrocycles displayed high thermody-
namic and kinetic stability due to the strong chelate
cooperativity of the system (EM = 10°-10°> M)."”” The group
also demonstrated that the macrocyclization processes strongly
relies on the symmetry of the H-bonding pattern by comparing
the stability of cyclic assemblies made from monomers with G
and C bases and from monomers with 2-aminoadenine (A):ura-
cil (U) bases."®*'® The unsymmetric ADD-DAA pattern from
the G:C interaction provided not only a higher association
constant, but also an increased EM compared to the symmetric
DAD-ADA pattern of the A:U interaction, which is due to
entropic considerations. Furthermore, the impact of the length
of the linear oligo(p-ethynylene-phenylene) spacer connecting
the bases on cycle formation was also assessed.'®! As the
number of o-bonds in this spacer increased, the number of
rotational and torsional degrees of freedom that are lost
during cyclotetramerization also increased, which led to a
reduced chelate cooperativity. Consequently, shorter mono-
mers exhibited stronger chelate cooperativities and thus a
greater propensity to associate in cyclic structures versus linear
oligomers.'#'8

Taking advantage of the thermodynamic and kinetic stabi-
lity of the G-C cyclic tetramers, the group then investigated the
stacking of these cycles into tubular structures in organic
solvents (Fig. 17).8%'81:185 gor this purpose, the heterocycles
were designed with benzylic wedges that have long alkyl chains
to improve solubility in non-polar solvents, along with a
peripheral amide group to guide macrocycle stacking (com-
pound 38a in Fig. 17b).*®" This molecular design enabled
independent control of two consecutive cooperative hierarchi-
cal processes that occurred as the volume fraction of apolar
solvent increased in THF/heptane mixtures: an initial macro-
cyclization through Watson-Crick interactions between nucleo-
bases, and subsequent polymerization directed by n-r stacking
interactions among the extensive m-conjugated surfaces of the
tetramers, as well as H-bonding interactions among the sur-
rounding amide groups placed at the pyrimidine base
(Fig. 17a). Along the first process, base pairing within the
cyclotetramer was confirmed by the characteristic downfield
shift of the G-amide and C-amine proton signals, which were
found in slow exchange with the corresponding monomer
protons in THF, a feature of highly cooperative H-bonded cyclic
assemblies.’*? On the other hand, UV-Vis, fluorescence, and CD
techniques at low heptane volume fractions (V}, in Fig. 17b and
¢), showed a red-shifted band in absorbance, decreased emis-
sion, and a Cotton effect in CD (green spectrum in Fig. 17b),
respectively. These spectroscopic features are attributed to
the freezing of conformational motions in the chiral monomer
upon cyclization. At higher heptane content (V,, > 0.7),
the group observed a higher order aggregation process: a

This journal is © The Royal Society of Chemistry 2025
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broadening and loss of all proton signals from the cyclic
tetramer, along with additional red shifts in absorption, further
reduction in emission intensity, a slight blue shift of the
emission peak, and the emergence of a new Cotton effect (blue
spectrum in Fig. 17b). These characteristics were linked to a
supramolecular polymerization process that leads to the for-
mation of chiral NTs. The dimensions of the self-assembled
nanostructures generated were measured by TEM studies,
unveiling heavily bundled longitudinal objects with a measured
diameter of approximately 4 nm, consistent with the calculated
aromatic section of the cyclic tetramers.

After that, the role of peripheral amide groups in the tubular
self-assembly of dinucleobase monomers was analyzed.'®'
Interestingly, monomers with a peripheral amide group (38a)
and without peripheral amide group (38b) differ enormously in
their supramolecular behaviour. Specifically, 38b, devoid of
these pendant H-bonding groups, only showed the corres-
ponding CD signal attributed to the cyclotetramer unit, and
remained associated as cyclic tetramers even in pure heptane
(Fig. 17¢). No CD signal corresponding to NT formation could
be detected. These findings indicated that the presence of
peripheral amides is essential for the formation of
polymeric NTs.

In addition to studies with G and C nucleobases, variants
employing A and U as complementary bases were also explored
(compounds 38a and 39 in Fig. 18a and b),'® in order to
elucidate the impact of the nature of the DNA bases, on the
whole self-assembly process. Regarding the cyclotetrameriza-
tion process, important differences in the NMR spectra were
found as a consequence of the extremely different chelate
cooperativities of the G:C- and A:U-bound cyclic tetramers, as
introduced above.'®> While the G:C-bound tetramers formed by
38a exhibited the characteristic downfield-shifted and slowly
exchanging G-amide and C-amine protons (Fig. 18a), NMR
experiments obtained in similar conditions from A-U com-
pound 39, suggested the presence of a fast-exchanging mixture
of non-cyclic oligomers that grew in length as the volume
fraction of cyclohexane-d;, in THF-dg (V,, in Fig. 18a and b)
was increased, as evidenced in the gradual downfield shift of
the U-imine proton signal (Fig. 18a and b). Upon further
increasing V., both G-C and A-U NMR signals broaden and
then disappear due to polymeric aggregation. However,
whereas TEM results indicated that both compounds were able
to form tubular aggregates with similar diameters, matching
the cyclic tetramer section, the absorption, emission, and
chirooptical features of the final NTs were considerably differ-
ent. In particular, A-U supramolecular polymers unveiled CD
and circularly polarized luminiscence (CPL) spectra that are
shifted and of opposite sense to the ones displayed by G-C
polymers. This suggests that the 38a or 39 molecules in each NT
were internally arranged in a different manner. Besides, mix-
tures of 38a and 39 were found to aggregate narcissistically:
each compound tend to self-associate in their own assemblies,
and no mixing could be detected. Supported by molecular
dynamics studies, which could simulate the experimental CD
acquired, it was concluded that A-U compound 39 tends to

This journal is © The Royal Society of Chemistry 2025
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form assemblies from open oligomers that fold into helical NTs
with coiled internal arrangements, instead of involving the
stacking of cyclotetramers, as it happens in the related G-C
compound 38a. These results highlight the importance of the
H-bonding pattern, and the derived propensity to form cycles as
a function of chelate cooperativity, in the self-assembly pathway
and the organization of the molecules within the tubular
supramolecular polymers.

A precise control of the diameter of self-assembled NTs was
recently achieved by the same group through the stepwise
extension of the oligomeric central blocks in these dinucleo-
base monomers.'®® Thus, the self-assembly of G-C monomers
with m-conjugated oligo(p-phenylene-ethynylene) (OPE) central
blocks of different lengths, ranging from n = 1 to n = 5,
was explored (Fig. 18c). The formation of NTs was confirmed
by TEM, which showed longitudinal aggregates consisting of
grouped individual NTs, with diameters matching well
with those calculated for the rigid core of each cyclic
tetrameric section. Monomers with a single, three or five
central p-phenylene-ethynylene blocks (38a, 38c and 38d)
formed NTs with average diameters of 3.9 nm, 4.6 nm and
5.7 nm, respectively. AFM and SAXS studies were in agreement
with this dimensional control. These findings highlight
the possibility to finely tune the pore diameter of self-
assembled NTs by modifying the length of the corresponding
monomer.

Gonzalez-Rodriguez’s research group has also extensively
investigated the self-assembly of related dinucleobase mono-
mers that are adapted to provide water-soluble NTs. 87789
Inspired by the previous strategy for organic solvents, different
amphiphilic dinucleobase derivatives with small structural
variations to guide their self-assembly in water were synthe-
sized (Fig. 19)."® These variations included the attachment of
hydrophilic chains with short hydrophobic segments con-
nected to N-1/N-9 in the G/C bases, to impart solubility in
water, as well as the incorporation of amphiphilic central
blocks, with a chiral lipophilic tail in one side, and neutral or
ionic hydrophilic groups at the other. As shown in Fig. 19a, in
the final assembly, all the hydrophobic components would be
oriented toward the centre of the structure, while the hydro-
philic chains would be exposed to the surrounding water,
resulting in a micellar NT. The spectral properties observed
for 40a in water were very similar to those detected for the
creation of NTs from macrocycles in organic solvents and were
consistent with a chirally organized supramolecular structure.
'H NMR experiments at different H,O:THF-dg compositions
unravelled "H chemical shifts ascribable to G:C base pairing,
which were in slow exchange with the monomer signals.
Additionally, the morphology and size of the aggregates were
examined using AFM (Fig. 19c, top) revealing unidimensional
objects with heights of ~2.0-3.5 nm. Finally, TEM experiments
confirmed the presence of tubular structures with widths of
~5.8 £ 0.7 nm. The smaller values found by AFM may result
from the compression of side chains due to the force exerted by
the AFM probe,"®® as well as the attraction of the assemblies to
the surface.
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of cyclohexane-di, (V) in mixtures with THF-dg. (c) Chemical structure of G-C derivatives with different lengths (38a, 38c and 38d). (d) NT diameter
distribution measured by TEM, and corresponding TEM images of (e) 38a, (f) 38c and (g) 38d. Adapted with permission from ref. 185 and 186. Copyright

2023 American Chemical Society and 2024 Wiley-VCH, respectively.

In a subsequent article, the group looked into the impact
that different conditions exert in the self-assembly of dinucleo-
base amphiphilic monomers in aqueous solutions.'®® These
monomers feature hydrophilic groups of various types attached
to the p-conjugated central block: anionic (carboxylate group in
the already described compound 40a), neutral (glycol chain in
compound 40b), or cationic (ammonium group in compound
40c). The study of aggregation processes was conducted by

5678 | Chem. Soc. Rev., 2025, 54, 5657-5697

varying temperature, concentration, and environmental factors
such as solvent composition and pH. Successful formation of
NTs was discerned for all compounds under different experi-
mental conditions. However, it was found that minor adjust-
ments in specific parameters or alterations in the compound
structure led to particularly noteworthy results. For example, at
high temperatures, the CD signal of compound 40a reversed its
sign, which suggests a structural reorganization. This was

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration of the self-assembly of amphiphilic G-C derivatives into NTs in aqueous solution. (b) Molecular structures of

compounds 40a-c. (c) AFM images of 40a in Milli-Q water (top) or acidic aqueous solution (bottom). (d) Chemical structure of compounds 40a and 41
and corresponding CPK Models of NT sections. (e) Chemical structure of NR, schematic representation of the encapsulation of NR within NTs and PAINT
images of NT bundles formed by 41 (in red) in the presence of encapsulated NR molecules (bright dots) in Mili-Q water. Hydrophobic and hydrophilic
parts are represented in red and blue colors, respectively. Adapted with permission from ref. 188 and 189. Copyright 2021 Royal Society of Chemistry and

2024, respectively.

further supported by TEM and AFM images, which revealed the
presence of NT bundles and poorly-defined structures, likely
resulting from the dehydration of polar groups. Likewise, the
alteration in the solvent composition or the pH also led to
significant modifications in the self-assembly process. For
instance, compound 40a exhibited very distinct spectroscopic
characteristics when comparing acidic (pH = 3) and basic (pH =
9-5) levels. AFM and TEM images from these anomalous acidic
solutions permitted to discern the presence of spherical objects
(Fig. 19¢ bottom), in contrast to the long NTs observed at higher
pH. These results highlight how subtle changes can have a
significant impact on assembly morphology, underlining the
importance of fine-tuning experimental setups to optimize self-
assembly into the desired nanostructure.

Recently, the same group also explored the behaviour of
dinucleobase monomers endowed with a slightly longer

This journal is © The Royal Society of Chemistry 2025

p-diethynylene-biphenylene core (41), instead of the p-diethy-
nylene-phenylene core in compound 40a (Fig. 19d)."*® Com-
pound 41 was capable to form NTs in aqueous media with
enhanced supramolecular stability compared to its related
compound 40a, likely due to the larger aromatic surface of
the biphenyl core. Furthermore, the incorporation of a longer
spacer connecting the nucleobases resulted in NTs with an
extended diameter to over 4 nm (Fig. 19d). To assess the
capacity of the 40a and 41 NTs for extracting and retaining
nonpolar substances, the authors examined their ability to
encapsulate the well-known hydrophobic dye Nile red (NR).
When NR, which is not soluble in water, was mixed with 40a or
41 NTs, an increase in absorption and emission of this dye
was observed, indicating the solubilization within the NT pore,
together with the characteristic blue shift in emission
when surrounded by apolar environments. The encapsulation

Chem. Soc. Rev,, 2025, 54, 5657-5697 | 5679
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efficiency, that is, the maximum amount of dye extracted by the
NTs, was calculated through titration experiments with increas-
ing amounts of NR, resulting in values of 0.2.-0.4 equivalents of
added dye per 40a/41 monomer. Subsequently, the aggregates
could be observed using fluorescence microscopy by detecting
the emitted light from the NR molecules encapsulated within
the NT. By using point accumulation for imaging in nanoscale
topography (PAINT), alignment of NR emission points in the
form of lines was observed, corroborating the presence of dye
molecules within the longitudinal hydrophobic lumen of 41
NTs (Fig. 19e).

Very recently, Gonzalez-Rodriguez’s research group has
investigated the use of carboxylate:amidinium “salt bridges”,
in which H-bonds are reinforced by the oppositely charged
interface, as strong directional motifs that are compatible with
polar environments for the construction of cyclic structures,
with the aim to stack them in water to build NTs of controlled
diameter.""

H-bonded macrocycles from belt-shaped molecules. Before
focusing on NT aggregation, Warnmark’s and Orenta’s group
intensively studied the formation of cyclic tetramers making
use of non-natural nucleobase-like moieties."**"*** The mono-
mer structure was composed of a C,-symmetric enantiopure
bicyclic core (bicyclo[3.3.1]nonane system) bearing at both ends
unsubstituted heterocycles (isocytosine or ureidopyrimidinone)
(Fig. 20). The heterocycles possess H-bonding patterns that are
self-complementary by tautomerization. This, combined with
the 90° angle between the H-bonding arrays, as a consequence
of the bent core geometry, results in the formation of cyclic
tetramers. Furthermore, the use of enantiopure monomers

View Article Online
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prevented the possible competition of non-cyclic heterochiral
aggregation pathways. In additional studies, solvent- and guest-
responsive  self-sorting phenomena of dynamic cyclic
tetramers'®® and octameric cylinders were investigated.'**
Successful NT formation was achieved by introducing an
unsubstituted urea group into the ureidopyrimidinone motif of
an enantiopure monomer (compound 42 in Fig. 20a)."*> This
urea group provided an additional H-bonding site placed
orthogonally to the H-bonds responsible for the cyclotetramer-
ization, promoting the aggregation of cycles into polymeric
tubes. Moreover, a pyrrole spacer was fused between the
bicyclic system and the ureidopyrimidinone motif, in order to
avoid steric hindrance between the H-bonds responsible of the
tetramerization and the solubilizing groups located at the
bicyclic core. The formation of the cyclic tetramer in CDCl;
was confirmed by NMR techniques and gel permeation chro-
matography (GPC) experiments. "H NMR experiments in this
solvent showed well defined peaks that were assigned to the
cyclic structure (Fig. 20b). By decreasing the polarity of the
solvent, as in toluene, or by using a shape-complementary guest
in CHCIl;, such as Cy, the formation of polymeric aggregates
was triggered (Fig. 20b). The polymerization process was ana-
lysed by '"H NMR, AFM, DLS and GPC. NMR experiments
disclosed a broadening of the proton signals and complete
disappearance of the NH resonances, indicative of the existence
of polymeric materials. AFM images corroborated the aggrega-
tion of the monomer into fibre-like superstructures (Fig. 20d).
Moreover, FT-IR experiments demonstrated the involvement of
both the C—=0 and NH, groups of the terminal urea moiety in
H-bonding (Fig. 20c). On the other hand, UV-Vis analysis
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toluene-dg and CDCls in the presence of Cyq. (c) Top view of H-bonding interface. (d) AFM image of 42 deposited on a silicon surface. (e) Chemical
structure of monomer 43 and schematic representation of self-sorting, selective encapsulation of Cgo guest and capsule-tube isomerization. Adapted

with permission from ref. 195. Copyright 2017 Springer Nature.
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verified that C;, molecules were integrated into the pore of the
tube, as evidenced by the hypochromic effect and the 6 nm
bathochromic shift observed in the absorption band of C,, at
470 nm. Due to the organized arrangement of electron-
conducting C,, molecules inside the tube, these structures
could be explored for use in organic photovoltaic devices.
Conversely, when Cg, was employed as guest in chloroform, a
conformational change was induced, from an open-ended
cyclic structure to a Ceo@42 closed shell capsule (Fig. 20e
top). In addition to this, monomer 43, which is not able to
form NTs, was explored as a host for C¢, molecules (Fig. 20e). It
was proved that, in chloroform, compound 43 cyclotetramer-
ized and no interaction with Cg, took place. When monomers
42 and 43 were mixed in CDCl;, a self-sorting phenomenon
took place. Then, the addition of Cg, molecules resulted in the
selective formation of the Cq,@42 inclusion complex, leaving
tetramer 43 intact as a cyclotetramer. When CDCI; was replaced
by toluene, disaggregation of the complex C¢o@42 occurred and
NTs of 42 were formed, whereas cyclic tetramers of 43 and Cg,
guest formed a new complex.

In a more recent article, polymerization of the tautoleptic
tetramers composed of isocytosine and bicyclo[3.3.1]nonane
was achieved by changing the length, position or connectivity of
the solubilizing groups to the bicyclic core.’*® Both chloroform
and toluene afforded the polymerization of the monomers into
long NTs which led to gels able to encapsulate fullerene
molecules. These new gels filled with fullerenes could be used
to construct soft, gel-based electronic devices.

3.2. Cycles formed by metal-ligand interactions

Over the years, M-L coordination has been widely utilized to
build supramolecular structures.'®”'*® These interactions are
characterized by its binding strength, directionality, reversibil-
ity, and versatility, since they allow access to manifold geome-
tries, including nanotubular structures. In this section, we have
only considered examples of NTs formed from the supramole-
cular stacking of metal-organic cycles. Examples of the use of
additional substances inserted between cycles to favour the
vertical growth, the construction of discrete tubules or metal-
organic cyclic structures that are intrinsically tubular and not
planar have been reported in detail in specific reviews'®>%°
and are not included here.

Lee’s research group has exploited this interaction to build
nanotubular structures. In a representative work, they
described a stimuli-responsive supramolecular assembly able
to be rearranged into metal-organic NTs, taking advantage of
the specific coordination of pyridine to Ag(i) ions (Fig. 21).°* 1t
was demonstrated that molecule 44 (Fig. 21a) can self-organize
in aqueous solution to form flat sheets featuring a zigzag
arrangement of the aromatic segments. Although molecule 44
has chiral centers, no dichroic activity was detected. However,
when silver triflate was added, the pyridine protons experi-
enced a downshift in the NMR spectrum as a result of their
interaction with metal ions, leading to the emergence of a CD
signal that indicated the formation of chiral superstructures.
This CD signal could be eliminated by adding tetra-n-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

a
o
P, et
~ (0}
o " ~"0 o o ~o™
H 5/\0 OJ\/O\/\O/\/O
[O\/\O/\/o\/\o o
0 o

Increasing
concentration

AN

v O
o O

Fig. 21 (a) Molecular structures of the bent-shaped amphiphile 44. (b)
Schematic representation of the switch between Ag() ion-mediated
dimeric macrocyclic structure and the tubular structure. (c) Schematic
representation of reversible transformation through flat sheets, helical
tubules and discrete toroids in response to external stimuli. (d) TEM and
(e) AFM image of an aqueous solution of 44 with Ag(l) ions (0.03 wt%).
Adapted with permission from ref. 201. Copyright 2013-American
Chemical Society.

butylammonium fluoride (Bu,NF) to disrupt the complex, but
it could be restored again by the addition of more silver triflate.
The formation of helical NTs in the presence of Ag" ions was
confirmed by TEM (Fig. 21d) and AFM (Fig. 21e). Further DLS
experiments conducted with diluted solutions of 44 with Ag",
with concentrations ranging from 0.03 to 0.01 wt%, disclosed a
significant reduction in size from 200 nm to 8 nm. Additionally,
TEM and AFM analyses at 0.01 wt% revealed toroidal struc-
tures, confirming that helical NTs were formed through the
stacking of macrocycles. This indicates that the final assem-
blies resulted from the helical stacking of smaller objects, like
dimeric macrocycles, rather than from the helical folding of
polymer chains, producing tubular structures exhibiting left-
handed supramolecular chirality (Fig. 21b and c).

The multidisciplinary Aida’s research team also reported the
formation of metal-organic NTs by M-L coordination between
a tetratopic pyridyl ligand with a ferrocene core and AgBF,
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(a) Chemical structure of ferrocene-based tetratopic pyridyl ligands 45 and 46, and representations of metal—organic NTs formed by 45 (left)

and 46 (right). (b) Schematic representations of the co-assembly of ferrocene-cored tetratopic pyridyl ligand (45) and AgBF, in the presence of (+)- or
(=)-menthylsulfate (MS*—), and possible helical motifs in the resulting helical metal—organic NT. (c) TEM image of 45 in the presence of (+)-BusN +
MS*—, stained with uranyl acetate, and (d) corresponding AFM onto HOPG. Adapted with permission from ref. 203 and 204. Copyright 2015 and 2016-

American Chemical Society, respectively.

(Fig. 22a).>°> Large decagonal nanorings with a diameter of
7.5 nm were made to stack together through n-n and metallo-
philic (Ag:Ag) interactions from compound 45 and AgBF, in
MeCN/water solutions. TEM and AFM confirmed the presence
of tubular structures with a consistent diameter of 7.3 nm and a
height of 8.5 nm, respectively. In addition, the observed SAXS
pattern was nicely fitted by the form factor of a hollow cylinder
model with a 7.5 nm diameter, and a more detailed analysis of
the 2D X-ray diffraction (2D XRD) image of magnetically aligned
NTs suggests that there may be a slight helical twist in the
arrangement of their stacking.

Making use of these highly symmetric structures, Aida et al.
achieved to build optically active chiral NTs when they mixed 45
with AgBF, in the presence of (+)- or (—)-menthylsulfate
(Fig. 22b).>°> When the co-assembly process was conducted
using a mixture of dichloromethane and acetonitrile (7:3 v/v)
with (+)- or (—)-menthylsulfate (MS*—), a red shift was observed
in the absorption band. Moreover, distinct mirror-image CD
signals were recorded in the presence of both (+)- and
(—)-menthylsulfate, further validating the formation of helical
NTs with a preferred chiral orientation (Fig. 22b), induced by
the chiral ion. The formation of tubes in the presence of
menthylsulfate was confirmed by TEM and AFM microscopies
(Fig. 22¢ and d). The analogous monomer 46 with large n-
aromatic ligands afforded hollow non-helical NTs with large
and uniform diameter of 14 nm and height of 10.9 nm in
similar conditions. Moreover, due to the nearly comparable
binding affinities of 45 and 46 toward Ag(i), the group tried to
create mixed-ligand NTs.>** They found that no heteromeric
NTs were formed, and only homomeric ones were observed by
TEM and SAXS analysis. This self-sorting phenomenon could
be led by the preference of 45 to form helical NTs, contrary to
46, which tended to stack up with no discernible helical twist.

Other significant example of NTs formed by M-L interac-
tions was described by the MacLachlan’s group, involving this

5682 | Chem. Soc. Rev., 2025, 54, 5657-5697

time the formation of Pt-pyridyl-type metallocycles. In 2010,
they investigated the formation of head-to-tail tetrameric
platinum-bound (Pt,) macrocycles 47, which self-assembled
into columnar structures (Fig. 23a).>°> Data from light scatter-
ing, XRD, and TEM supported the formation of 1D columnar
aggregates from the Pt, rings 47. The incorporation of bulky
trityl-derived groups around the edges of the Pt, macrocycles
restricted the otherwise limitless one-dimensional columnar
stacking, resulting in the formation of distinct short NTs
constituted by the stacking of four or six metallocycles. In
contrast, when the conjugation of the ligand was extended, as
in 48, triangular Pt; macrocycles were formed instead
(Fig. 23b).2°® This was achieved by the introduction of a ligand
based on the pyridylsalicylaldehyde system, bearing more flex-
ible acetylene groups, which contributed to the formation of
macrocycles with unexpected geometry. The structure and
aggregation of Pt; macrocycles were investigated using compu-
tational techniques, UV-vis spectroscopy, variable-temperature
NMR, as well as DOSY and NOESY NMR analyses. In the solid
state, studies using matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry and TEM mea-
surements unravelled that the cyclic structures organized into
tubular nanostructures (Fig. 23b).

Recently, Wang and co-workers have reported the assembly
of discrete metallo-macrocycles with double-layer and triple-
layer concentric structures.*’” In their work, a terpyridine (tpy)
motif is used as the central backbone of the ligand and the
complexation of metal ions results in the creation of heptago-
nal metallo-macrocycles. The planarity and rigidity of this
scaffold favour its self-assembly into tubular structures. A
variety of supramolecular forces may participate in the packing
of the cycles towards NTs, such as n-r stacking, hydrophobic/
hydrophilic interactions, electrostatic interactions, etc. How-
ever, investigations on the self-assembly as a function of the
charge of the counter anions incorporated allowed the authors

This journal is © The Royal Society of Chemistry 2025
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Fig. 23 (a) Dynamic assembly of ring 47 into columns. (b) Chemical

structure of macrocycle 48 and its stacking into NTs (top), MALDI-TOF
MS of macrocycle 48 (bottom left) and TEM image of the NT formed by 48
(bottom right). Adapted with permission from ref. 205 and 206. Copyright
2010 and 2017-American Chemical Society.

to hypothesize that electrostatic forces may play a crucial role in
the stacking of these giant macrocycles.

3.3. Cycles formed by solvophobic interactions

Beyond the directional H-bonds and M-L interactions, non-
directional solvophobic forces can be used as well for the
formation of cyclic structures. Specifically, hydrophobic inter-
actions can give rise to manifold organizations, including NTs,
e.g., when hydrophobic molecules are dissolved in water.
Actually, most self-assembled NTs are made from amphiphilic
molecules in water.>>*°® As aforementioned, this type of inter-
action shows low directional guidance along the self-assembly
process and, consequently, the structural design of the mono-
mers that constitute the supramolecular assemblies can be
challenging.

One of the most relevant research groups that incorporate
solvophobic forces as key interactions in the formation of
supramolecular nanostructures formed by the stacking of
ring-like entities is Lee’s group. In addition to other morphol-
ogies, tubular structures assembled from the m-n stacking of
hexameric macrocycles, which are at the same time formed by
weak nonspecific aromatic interactions between six aromatic
rigid v-shaped segments (120° of internal angle), have been
studied in the solid state.>*® The monomers generally comprise

This journal is © The Royal Society of Chemistry 2025
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a central arene meta-substituted with p-oligophenylene rods,
with an oligoether chain pointing to the inner core of the
ensemble. As a function of the length or flexibility of the
oligoether side chains, different supramolecular organizations
could be obtained. When this kind of structures were studied
in aqueous solution, supramolecular NTs in which the oli-
goether chains pointed outwards, instead of inwards as in the
previous examples, were formed.>'® The careful design of the
monomer structure and the addition of silver salts have led
both to the dissociation of NTs into shorter aggregates,*'® or
to the promotion of a morphological change from sheets to
helical NTs (see previous section: cycles formed by metal-
ligand interactions).”*" Moreover, it was proved that the NT
self-assembly from hexameric cyclic sections was enhanced in
monomers with nitrile edge groups, driven by complementary

electrostatic interactions between nitrile and phenoxy
groups (electron-withdrawing and electron-donating groups,
respectively).>'*

In another relevant article, Lee and coworkers performed a
comparative study of the self-assembly in water of three related
monomers, 49a—c, in which the central aromatic unit in 49a is
replaced by a pyridine unit in compounds 49b,c (Fig. 24a).>'?
Molecule 49a self-assembles into NTs with an external diameter
of 7 nm and a hollow interior of 3 nm, as measured by TEM.
Moreover, the blue-shifted absorption maximum and the
reduced fluorescence intensity in water compared to chloro-
form solution, revealed the presence of H-type aggregates,
while the Cotton effect observed by CD reflected that the
monomers organized into one-handed helical ensembles.
When the two pyridine-derivative isomers 49b,c were investi-
gated, TEM images of toroids with outer and inner diameters of
11 nm and 4 nm, respectively, dimensions that corresponded to
single stacks of hexameric macrocycles, were obtained. The
increase in the concentration produced the formation of elon-
gated tubules that were visualized by TEM. Contrary to 49a, J-
type stacking of the aromatic segments was inferred from the
red-shifted absorption and the enhanced fluorescence intensity
in compounds 49b,c. The growth of the hexameric cycles can be
attributed to the emergence of water clusters surrounding the
nitrogen at the pyridine unit. This leads to a more spacious
packing configuration, helping to diminish the steric crowding
at the valley position within the internal pore. CD spectra
showed increased intensity with increasing concentration,
indicating the formation of chiral assemblies with a preferred
handedness, which was inverted when employing the opposite
enantiomer. The presence of ethylene oxide chains and pyr-
idine units, which can get dehydrated when heated, imparted
thermoresponsive properties to the system. When compounds
49b and 49c were heated, TEM images showed a reduction in
the diameter of the NTs (Fig. 24b and c). Furthermore, spectral
alterations were noted upon increasing the temperature,
including an absorption shift towards shorter wavelengths, a
decrease in fluorescence intensity, and an inversion in dichroic
response. Finally, spectroscopic experiments were carried out
to test the encapsulation of hydrophobic guests in the tubes of
compound 49c. Indeed, fullerene Cg, could be encapsulated
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macrocycles. Adapted with permission from ref. 212 and 213. Copyright 2012-American Association for the Advancement of Science and 2017 Wiley-

VCH, respectively.

and released as a function of temperature through the hydra-
tion or dehydration of the glycol chains and pyridine units
(Fig. 24d).

By utilizing similar pyridine monomers with shorter p-
oligophenylene units, Lee and his team were able to create
nanofibers composed of dimers.>'* These dimers were then
transformed into hollow NTs exhibiting a one-handed helical
configuration when a guest molecule was present. This expan-
sion process entailed the adaptation of compounds from
dimers to hexameric macrocycles, facilitated by reversible H-
bonding interactions between the pyridine units in the aro-
matic cores and the p-phenylphenol guest molecule. Remark-
ably, the weak Cotton effect seen in the aqueous solution of the
nanofibers became much more pronounced with the introduc-
tion of the guest, implying a more compact helical arrangement
of the aromatic segments.

This kind of pyridine monomers have been also used for
selective catalysis in aqueous media.?*® For this purpose, a
monomer equipped with TBDMS groups, compound 49d, was
synthetized (Fig. 24e). Vapor phase osmometry (VPO) experi-
ments in ethanol suggested the formation of macrocycles
constituted by three molecules, instead of the six-membered
cycles commonly obtained with this type of structures, which

5684 | Chem. Soc. Rev, 2025, 54, 5657-5697

would further self-assemble into NTs with the addition of
water. TEM and STEM images permitted to discern 1D fibers
with an external diameter of 4 nm and an interior of 2.3 nm in
accordance with the dimensions of a trimeric cyclic section.
Accommodation of Pd ions within the NTs formed by 49d was
successfully accomplished and monitored by the observation of
a red-shifted absorption band. Also, XPS experiments corrobo-
rated the interaction between N and Pd atoms. Finally, owing to
the higher-ordered structure and stability of the Pd atoms at the
porous walls, the Suzuki-Miyaura coupling reaction was carried
out inside the corresponding tube in high yields and selectiv-
ities. It was proven that the heterogeneous catalyst could be
reused and reinitiated through its supramolecular reversible
assembly (Fig. 24f).

Recently, Lee and co-workers reported the simultaneous
switching of DNA when exposed to a synthetic coat in response
to a change in pH.?"® This “synthetic coat” was obtained by the
co-assembly of neutral pyridine and cationic pyridinium-based
monomers. The encapsulation of double-stranded DNA in
water was accomplished through electrostatic interactions
between pyridinium cations and the phosphate anions present
in the DNA. Furthermore, when the pH value reached physio-
logical levels (pH = 7.4), optical and microscopy experiments

This journal is © The Royal Society of Chemistry 2025
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revealed that the native right-handed helicity of the encapsu-
lated DNA was transmitted to the surrounding coat assembly.
However, at lower pH values, helicity reversal took place.
Apart from this biological application, this kind of mono-
mers have been also used to remove and release micropollu-
tants from water.>'® For that purpose, a pH-responsive artificial
pump from left-handed porous tubules into right-handed solid
fibres was designed. These structures were formed by the
stacking of hexameric macrocycles or dimeric disks, respec-
tively. The expansion of right-handed solid fibers into left-
handed tubules for pollutant removal was significantly stimu-
lated by the (—)-malic acid enantiomer. In contrast, the con-
traction that leads to complete desorption of pollutants was
sensitive to alkaline (+)-2-amino-1-butanol configuration.
Other remarkable example of the use of solvophobic forces
for the formation of tubular assemblies composed of macro-
cyclic sections was reported by Rybtchinski’s research group. In
one of their works, they studied the formation of supramole-
cular NTs from perylene diimide (PDI) derivatives in water

Fig. 25 (a) Chemical structure of amphiphilic compound 50. (b) Proposed
molecular model of self-assembled NTs formed by 50 in water. (c) Cryo-
TEM images of a 10> M solution of 50 and (d) high-resolution hexagonal
cross section. The tube outer dimensions are 5.0 x 4.6 nm. Adapted with
permission from ref. 217. Copyright 2018-American Chemical Society.
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(Fig. 25a).>"” The general monomer structure possesses two
hydrophobic PDI cores connected by a bipyridine linker. Addi-
tionally, each PDI contains one PEG chain, in order to afford
solubility in water. Self-assembly could be controlled by tem-
perature, solvent or PEG chain length. When an aqueous
solution of compound 50 was studied by cryo-TEM (Fig. 25c),
NTs of approximately 5 nm wide were observed. Moreover,
tubular cross sections showed the ordered hexagonal structure
of the PDI core (Fig. 25d). Molecular modelling suggested that
three molecules of 50 were stacked on top of another layer of
trimers, which agreed with the cryo-TEM measurements
(Fig. 25b). This article constitutes an elegant example of how
symmetric amphiphilic molecules can be arranged in an orga-
nized manner only considering non-directional solvophobic
forces.

The wide variety of non-covalent interactions, combined
with the degree of tunability of the constituting units of the
NT, results in a very rich landscape from which we highlighted
some of the most notorious examples in this second section.
However, innovative examples keep appearing very frequently
in the literature, proving the appeal of this particular type of
supramolecular systems.

4. Dynamic covalent cycles

Although less explored than covalent bonds and non-covalent
interactions, dynamic covalent chemistry (DCvC) has also been
exploited to build macrocycles that subsequently stack into
NTs of defined sizes. DCvC permits to construct complex
architectures based on building blocks connected through
reversible covalent bonds, producing structures lying in the
thermodynamic minimum. This intrinsic dynamicity provides
adaptable entities with abilities like self-healing and stimuli-
responsiveness. Thus, DCvC encompass the advantages of
covalent and non-covalent approaches previously described,
yielding structures which are more robust than those based
on supramolecular cycles due to their covalent character and
yet conserving the hallmark adaptability (at the expense of
slower kinetics) of non-covalent interactions.,*'22°

DCvC comprises different chemistries which have been
extensively discussed in several reviews.”'®*>*! Regarding the
construction of NTs through the stacking of macrocycles pre-
viously organized by DCvC, we can identify three main cate-
gories depending on the functional groups involved: imine-,
disulfide-, and boron-based cycles (Fig. 26). In the examples
presented in this section, the main contributors to the arrange-
ment of the cycles into nanotubular structures are n—n stacking
interactions or electrostatic interactions.

4.1. Imine-based cycles

Traditionally used to build macrocycles and cages,*** polymer
networks,”*® and more recently, covalent organic frameworks
(COFs),>** imine chemistry is probably the type of DCvC which
has been the subject of more studies. The first report of an
imine-based macrocycle with the ability to stack into NTs

Chem. Soc. Rev,, 2025, 54, 5657-5697 | 5685
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Fig. 26 Schematic representation of the reversible formation of dynamic-
covalent cycles from individual units and subsequent reversible self-
assembly of cyclic entities into self-assembled NTs.

comprised the study of compound 51, as described by Moore
et al. (Fig. 27).>*® The aim was to compare the properties of
these tubular assemblies with those exhibited by the arylene-
ethynylene macrocycles 33-35. "H NMR at different concentra-
tions and temperatures proved that the self-assembly of the
macrocycles occurred in an isodesmic manner though n-n
stacking. The ability of these entities to stack was further
supported by means of the presence of birefringence by POM,
as well as by wide- and small-angle X-ray scattering (WAXS and
SAXS, respectively), unveiling a peak at 3.6 A, characteristic of
n-n stacking, and longer distance peaks which are attributable
to hexagonal lattices.

The group of K. Kim reported the formation of NTs in the
solid state due to the stacking of truncated cone-shaped
porphyrin-based macrocycles.?*® The formation of the macro-
cycles is driven through the condensation of three diaminopor-
phyrins and three dibenzaldehydes into imines. The authors
determined the size of the pore through XRD and confirmed
their stability by gas sorption experiments.

In the last years, research on imine based macrocycles able
to yield NTs with high aspect ratios has been broadly capita-
lized by the group of Dichtel.””” After mastering the formation
of the imine based cycle 52 (Fig. 28) with bifunctional diaryla-
mines and terephtaldehydes, the authors found that the

Fig. 27 Chemical structure of the imine containing m-phenylene ethy-
nylene macrocycle 51 and its stacking into supramolecular NTs.
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addition of a high number of equivalents of CF;CO,H
(>2000 eq.) led to the unexpected formation of iminium ions
and a counterintuitive stable material with gel-like
properties.>*® A closer inspection of the nanostructures by
TEM and AFM revealed the presence of NTs with aspect ratios,
comparable to those of single walled carbon NTs (SWCNTSs).
Notably, the addition of NEt; provoked the breaking of these
NTs, thus affording stimuli responsive systems. In contrast, the
use of a low number of equivalents of CF;CO,H (6 eq.) gave rise
to the expected hydrolysis of the imines and hence the decom-
position of the macrocycle. Molecular dynamics calculations
revealed that the main driving force for the formation of these
NTs was the electrostatic attractions between the iminium
groups and the CF;COO™ ions in solution, whereas neutral
macrocycles exhibited lower cohesive forces. Further modifica-
tions of these structures permitted to attain chiral NTs and
unravel the presence of kinetic traps in their self-assembly
process.”*

Taking into account that the main driving force for NT
formation are electrostatic interactions, and considering the
high number of equivalents of acid needed, which hampered
potential applications of these systems, the authors incorpo-
rated a pyridine group in the triphenylbenzenediamine unit,
with the objective of forming NTs with a lower amount of acid
(Fig. 29).*”*% The authors discovered that substoichiometric
amounts of acid led to partial formation of pyridinium ions and
yet to the formation of stable NTs, unravelling a cooperative
supramolecular polymerization mechanism. The robustness of
this novel approach permitted the authors to accomplish edge
or pore functionalization by the introduction of substituents in
the 5- (53a) or 2-(53b) positions of the isophthalaldehyde
moiety, respectively, with the aim to: (1) yield modular NTs
with lipophilic functionalities through the incorporation of
dialdehyde scaffolds with fluorine atoms (53c); (2) tune pore
sizes and shapes of the NTs by the incorporation of isophtha-
laldehyde or terephthalaldehyde moieties (53d and 53e); and (3)
generate modular NTs with complex functionalities by includ-
ing phenanthroline ligands (53f), among others (Fig. 29a). The
group usually proved the formation of these NTs as well as their
pore sizes by usual microscopy techniques such as AFM
(Fig. 29c) and SEM, in addition to XRD, since the self-
assembly of the macrocycles led to the emergence of notable
diffraction patterns. Thus, the macrocycles of bigger sizes
as 53d showcased lower g values in the region between
0.1-0.2 A~', when compared to those of 53e or 53f, demonstrat-
ing hence the versatility of the self-assembled macrocycles
(Fig. 29b).>%!

In a following work in this research line, the group exploited
the chemical information installed in the interior of the NTs to
explore Li-ion conductivity within them.?*> The inclusion of
polyethylene glycol chains in the dialdehyde moiety afforded
NTs with an inner part displaying a high propensity to coordi-
nate Li ions. After characterizing the assemblies by XRD, AFM
and SEM, the authors demonstrated through electrochemical
impedance spectroscopy (EIS) their superior conductivity
when compared to reference compounds, as well as their

This journal is © The Royal Society of Chemistry 2025
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(a) Chemical structure of macrocycle 52. (b) Decomposition of macrocycle 52 by the hydrolysis of imine groups at a low number of equivalents

of CFsCO,H (6 eq.). (c) Formation of NTs by electrostatic attractions between iminium atoms and CFsCOO™ counterions at a high number of equivalents
of CF3CO,H. Adapted with permission from ref. 228. Copyright 2018 National Academy of Sciences.

stability after the essays. Finally, their suitability in battery cells
was demonstrated by lineal sweep voltammetry (LSV) and
galvanostatic Li-platting-stripping experiments. This approach
highlights how the controlled synthesis of NTs with defined
properties can provide emerging materials with outstanding
properties.

4.2. Disulfide-based cycles

Disulfide bonds and their thiol-thiol exchange properties have
also been employed to build discrete macrocycles and cages.>**
However, the deliberate formation of NTs utilizing this type
of DCvC chemistry is less exploited. Haridas et al. reported the
hierarchical organization of self-assembling disulfide-based
macrocycles (Fig. 30a).>** Macrocycle 54 was constructed
though the initial formation of disulfide bonds between
cysteine units that were subsequently combined with an aro-
matic unit through a 1,3 dipolar cycloaddition, in order to
generate the final structure. Compound 54 initially formed
helical structures in MeOH that after time produced hollow
NTs that further striated, as shown by TEM images (Fig. 30b).
However, the width of these NTs was much bigger than the size
of the macrocycle, demonstrating the difficulties encountered
by this approach to control the stacking of macrocycles to yield
tubes of defined sizes.

This journal is © The Royal Society of Chemistry 2025

In this context, it is noteworthy to mention the work of Otto
and coworkers, which have vastly explored dynamic covalent
libraries of thiol-based peptide scaffolds able to form B-sheets
(Fig. 30c—£).>*>**¢ In these libraries, macrocycles of different
sizes are formed by thiol-thiol exchange shift (Fig. 30c), and the
most populated is the most stable one, which is the one with
the ability to stack vertically and hence self-replicate (Fig. 30f).
These facts have been proven by different techniques, such as
cryo-TEM microscopy (Fig. 30d and e). This kind of supramo-
lecular structures have been the subject of intensive research by
the group in the last 15 years and, although different catalysts
and processes have been carried out with these entities, the
authors have not exploited the pore of the stack to our
knowledge.

4.3. Boron-based cycles

Although not as thoroughly studied as the previous examples,
boron-based cycles have also been exploited to build discrete
macrocycles. In this context, boronate esters, which result from
the condensation between boronic acids and alcohols, are a
promising option. Dichtel and coworkers employed boronate
esters to construct discrete macrocycles using different alcohols
and boronic acids as scaffolds. This approach permitted to tune
the size of the NT by featuring different spacer units in the

Chem. Soc. Rev, 2025, 54, 5657-5697 | 5687
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boronic acid fragment such as phenyl, biphenyl and pyrenyl.>*”

The aggregation of the phenyl-containing macrocycle 56
(Fig. 31a) into NTs was confirmed by means of fluore-
scence experiments due to a red shift and a quenching of the
signal of the aggregate with respect to the non-aggregated
species. Additionally, AFM experiments evidenced that
these NTs could disassemble back into the macrocycles by
stimuli such as sonication. Notably, if left undisturbed after-
wards, the macrocycles recover the nanotubular architecture
(Fig. 31b).

All the examples featured up to this point exhibit a bottom-
up approach with respect to the formation of the NT. However,
there are cases in which several dynamic covalent bonds may be

5688 | Chem. Soc. Rev,, 2025, 54, 5657-5697

combined to achieve a higher order structure that is broken
apart into simpler ones in a top-down manner. In a beautiful
example by Xin Zhao et al, a COF is first formed by (a)
combination of boroxine and hydrazone bonds that arise from
the pairing of an aromatic compound equipped with boronic
acid and aldehyde groups (DETH in Fig. 32) and an aromatic
dihydrazide derivative (DFPBA in Fig. 32), yielding the macro-
cycle 57. The generation of this COF was confirmed by XRD as
well as by TEM measurements. Afterwards, selective hydrolysis
of the boroxine units by means of concentrated hydrochloric
acid in water breaks the COF apart into the corresponding
NTs.”*® The morphology as well as the dimensions of the tube’s
pore were elucidated by TEM. Successive stimulation of the NTs

This journal is © The Royal Society of Chemistry 2025
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(a) Chemical structure of disulfide-based macrocycle 54, and schematic representation of NT formation. (b) TEM images of (left) NTs and (right)

striated NTs. (c) Schematic illustration of a small dynamic combinatorial library from dithiol building block 55. (d) and (e) Cryo-TEM images of (d) 55¢; (e)
55, (f) schematic representation of the proposed formation of fibers of 55¢. The benzenedithiol core of building block is shown in yellow and the peptide
chain in blue. Adapted with permission from ref. 234 and 235. Copyright 2022-Royal Society of Chemistry and 2010-The American Association for the

Advancement of Science.

through sonication produced the decomposition of the NT
structure, but after leaving the resulting suspension
undisturbed, the tubular structure was not recovered, showing
that the NTs were formed directly from the channels of
the COF.

This journal is © The Royal Society of Chemistry 2025

The dynamic covalent systems presented in this final section
very clearly show that, although not as prolific as their covalent
and non-covalent counterparts, they serve as a solid and
promising foundation to further develop tubular nanostruc-
tures based on these reversible bonds.
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formation of hydrazone and boroxine bonds to yield a COF based on
macrocycle 57, and successive treatment with acid for the breaking of the
boroxines and the generation of NTs. Adapted with permission from ref.
238. Copyright 2020-American Chemical Society.

Conclusions

The development of supramolecular NTs from discrete macro-
cyclic entities constitutes a powerful tool to create porous
unidimensional nanobjects of defined sizes and high aspect

5690 | Chem. Soc. Rev, 2025, 54, 5657-5697

ratios. In this review we have covered most of the achievements
described so far, emphasizing the tools available for chemists
to create these fascinating tubular structures. An appropriate
molecular design and the exploitation of different types of
bonding to build them - covalent, non-covalent and dynamic
covalent - has widen the scope of available supramolecular
NTs, which have already been applied in molecular encapsula-
tion or ion transport, among other applications. When com-
pared to other type of NTs like 1D inorganic or carbon NTs, the
modular nature of self-assembled NTs and the inherent rever-
sibility of the forces driving their formation constitute an
advantage that can lead to novel applications in the fields of
catalysis and drug delivery, which have yet not been extensively
explored.

Regardless of the substantial number of strategies and
methodologies explored to assemble these unidimensional
containers, the chemistry within the NT pores has not been
exploited to a large extent. Supramolecular NTs assembled
from cyclic entities display an extraordinary structural versati-
lity, and their internal lumens could in principle be custom-
tailored with a given diameter and chemical coating so as to
achieve the selective encapsulation of substances. This selective
encapsulation and the dynamic nature of the self-assembled
NT could be especially beneficial in the field of drug delivery.
We also envisage that the field of catalysis could widely
capitalize the modular unidimensional chemical inner environ-
ment of the NT, and profit from the well-defined confined 1D
nanospace to bring together reactants and stabilize chemical
intermediates.

Despite the significant achievements remarked in this
review article, the field of self-assembled NTs still has to face

This journal is © The Royal Society of Chemistry 2025
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some current structural limitations in order to broaden the
range of applications. One significant hindrance involves the
characterization of the NT itself, which is normally attained
through a sum of spectroscopic (UV Vis, CD, DLS, FTIR,
fluorescence), microscopic (AFM, SEM or TEM; among others)
and scattering techniques (SAXS, WAXS, DLS). However, in
many cases these measurements do not permit unequivocally
to discern the hollow interior, making imperative the incor-
poration of novel techniques in the characterization of supra-
molecular NTs. Further on this vein, the structural integrity of
the NT after using it for a given application has not been
studied in detail. Although this structural integrity is expected
to be inferior to that of NTs which grow through covalent or
dynamic covalent interactions,?****° we consider that the ver-
satility and ease of design of supramolecular NTs offer sub-
stantial advantages when compared to those. Still more
studies are necessary in order to clarify this point. Besides,
the preparation method of the self-assembled NT is strongly
dependent on factors like solvent mixture, temperature and
preparation protocols, which make the description of the
preparation method imperative in order to obtain the desired
structure.

In general, the control over the length of the self-assembled
NTs is scarce. Many studies have achieved it by combining
supramolecular interactions with covalent bonds in the Z-
direction of the assembly. Notable examples describe the use
of n-r stacking between hexakis(m-phenylene ethynylene) cova-
lent cycles,”*" and the vertical assembly of alternately arranged
positively and negatively charged covalent cycles formed from
pillar{5]arene motifs through electrostatic interactions,”” stra-
tegies that give access to tubular structures with defined
lengths. Additionally, the incorporation of dynamic covalent
bonds, such as imine bond**°*? intercalated between macro-
cycles, has also proved itself successful to define the length of
the resulting NT.

Although controlling the growth of the NT by these strate-
gies or the use of pure covalent approaches''”!'82447248 o
host-guest chemistry*®**'# could constitute fruitful methods,
we envisage that for the case of self-assembled NTs it might be
convenient to take advantage of concepts like living supramo-
lecular polymerization (LSP).>*>**° This strategy could aid to
control the length of the hollow polymers and thus to assess
its impact in different fields, like transmembrane ion channels,
or to control the size of nanorods in templated synthesis.
Additionally, given the dynamic nature of non-covalent inter-
actions, obtaining block or blocky type NTs remains challen-
ging. The application of the concepts of LSP could also yield
block supramolecular NTs, in which each part of the NT
includes different scaffolds than in turn enable different
functionality.>*»***> Finally, although DCvC has been suc-
cessfully applied to build NTs, their responsive properties
have not been explored that much. In this context, we
also envision that the application of chemical reaction net-
works to the formation of covalent cycles could help to
improve their properties and give rise to novel behavior, as
well as to control in time the formation of the

This journal is © The Royal Society of Chemistry 2025
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which can be especially appealing
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