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ABSTRACT

Nature creates hierarchical, self-assembling structures across all length scales to achieve superior properties, for example, in me-
chanics, photonics, reactivity and adaptability. These hierarchical structures are well defined in both form and function, although
generally only a limited number of building blocks are used. In natural systems, chirality, precise sequencing of macromolecules,
and combinations of non-covalent interactions are known to play a central role in the formation of hierarchical structures and
superstructures, suggesting that synergies between different structure-defining elements are crucial. In this perspective, we
highlight selected examples from nature and present artificial examples exemplifying a transition from supramolecular polymers
to structures with higher levels of aggregation. These include supramolecular systems based on chiral building blocks, which
typically allow for hierarchical structures with tailored shapes and tuned helicity but also defined lateral dimensions. We also
outline artificial supramolecular systems combining orthogonal secondary interactions, which allow the hierarchical structure
to be confined to defined dimensions and shapes. Finally, we briefly discuss selected applications related to the hierarchy in
the bulk or the corresponding surface of hierarchically structured systems. We also propose guidelines for defined hierarchical
structures with potential to enhance light harvesting or to create artificial supramolecular antibodies.

1 | Introduction more than 30% of the proteome, that is, the total protein con-

tent, in human bodies [3]. Collagen is an integral part of a range

Self-assembly is a key concept in nature to create objects from
the nanoscopic to the macroscopic scale, providing outstanding
and unsurpassed characteristics in form, shape, and function
[1]. In living matter, self-assembly processes are more often en-
ergy dependent than in equilibrium, leading to features such
as intrinsic self-healing and adaptivity, which also enable the
reconfiguration of mechanical properties on demand, includ-
ing strength and toughness, as well as elasticity and flexibil-
ity of the entire self-assembled structure [1-4]. One intriguing
aspect is that nature uses only a limited number of building
blocks to realize a large variety of different structural compo-
nents [1]. A prominent example is collagen, which constitutes

of structural components with mechanical properties precisely
tailored to their intended use, such as skin, tendons, and bone.
This is achieved by forming superstructures at multiple hierar-
chical levels, with the primary structure being based on poly-
peptides composed of hundreds of amino acids. Three of these
structural polypeptides subsequently assemble into a secondary
structure via triple helix formation into the collagen molecule,
with a length of about 300nm and a diameter of about 1.5nm
(Figure 1a). These collagen molecules further aggregate laterally
and longitudinally into fibrils with diameters of about 30nm. In
the case of bones, nanoplatelets of hydroxyapatite crystals are
incorporated into the collagen fibrils, creating a nanocomposite
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FIGURE 1 | Hierarchical superstructures in nature. (a) Structural components built from polypeptides including assembly into collagen mole-

cules via triple helix formation in a first step and subsequent aggregation to collagen fibrils. In bones, nanoplatelets of hydroxyapatite (HA) are em-

bedded in a defined manner. (b) The main structural components in plants are cellulose-based structures, which initially form microfibrils and are

subsequently arranged in a defined fibril matrix.

with high stiffness. On a further level, several of these fibrils, to-
gether with proteoglycans, highly glycosylated proteins, form fi-
bers featuring mm lengths and diameters in the um range. This
and higher hierarchical levels allow bridging the gap to the mac-
roscopic scale, but also tuning the mechanical properties using
hard and soft components, as well as different levels of porosities
[4, 5]. These complex organized superstructures provide mech-
anisms for mechanical deformations and thus enable nature to
cover Young's moduli in the MPa to the GPa range.

In plants, the structural components are predominantly based
on cellulose rather than proteins. Similarly, the mechanical
properties, among other things, are tuned by establishing dif-
ferent hierarchical levels. This includes, for instance, in bam-
boo and palm stems the formation of superstructures such
as microfibrils with diameters of 3nm and their subsequent
organization into the fibril matrix with diameters of about
300nm, which can be regarded as oriented cellulose in a hemi-
cellulose/lignin matrix (Figure 1b) [1]. On further levels, this
kind of structural nanocomposites comprise elongated pores,
which leads, for example, to the extraordinary mechanical fea-
tures of bamboo [5, 6].

Considering the underlying species, nature uses macromolec-
ular building blocks. Those consist of monomers, for example,
amino acids or nucleic bases, which are precisely covalently
connected in sequence and length as found in polypeptides and
DNA. These polymers represent the primary structure. The first
level of intra- or intermolecular aggregation via non-covalent
interactions leads to secondary structures such as mono, dou-
ble, and triple-type helical fibers (Figure 2a) [7]. While mimick-
ing natural polymers in their precision remains challenging to
achieve, a plethora of synthetic building blocks have been de-
veloped, which adapt a similar helical structural organization
into secondary structures via non-covalent interactions such as
ion-dipole and dipole-dipole interactions, hydrogen bonding,
7i-1 stacking, and weak Van der Waals interactions (Figure 2b)
[8]. Prominent examples include 1,3,5-benzenetricarboxamides
(BTA), which form three strands of hydrogen bonds helically ar-
ranged along the columnar axis, and perylene bisimides (PBI),
which predominantly stack via 7-m interactions, here supported

by hydrogen bonds into a helical arrangement. Similar heli-
cal arrangements can be found for aromatic amide foldamers
or oligo-squaraines. These self-assembled secondary struc-
tures are often referred to as supramolecular polymers. Thus,
supramolecular polymers can be regarded as linear chains of
(macroymolecular building blocks connected via highly direc-
tional and non-covalent interactions [9, 10]. The term supramo-
lecular polymer is not necessarily limited to linear polymer-type
structures. Supramolecular polymerization can also proceed
in a sheet-like, 2-dimensional manner or lead to other complex
structures [11, 12].

Non-covalent interactions that establish during the self-
assembly process of supramolecular polymers are intrinsically
more reversible than covalent bonds. Thus, the formation and
dimensional stability of a self-assembled structure strongly de-
pend on the given set of conditions, including the solvent, the
temperature, and the concentration, besides the molecular
structure of the building blocks. Variations of these parameters
may favor self-assembly or disassembly but also influence the
dynamic nature of the assembly, i.e., the ability to exchange
individual building blocks. Contrary to living matter, artificial
self-assembled systems or supramolecular polymers are more
likely to be in equilibrium and lack adaptivity [13]. In particular,
when in a dynamic state, assemblies tend toward the global
minimum of the energy landscape and thus adapt a stable con-
figuration. However, self-assembled systems may also end up
in a local minimum with energy barriers preventing a dynamic
exchange and become kinetically trapped during the assembly
process. In this case, the thermodynamic equilibrium may not
be reached, and the assembly pathway has a strong impact on
the final structure of the supramolecular polymer [14].

Taking these considerations a step further, the set of condi-
tions decides on the structural outcome beyond the forma-
tion of supramolecular polymers, namely the formation of
objects with a higher level of aggregation. The latter can be
considered as the tertiary or quaternary structure and thus
as (hierarchical) superstructures. A widely investigated and
prototypical synthetic supramolecular motif is the above-
mentioned BTA, where these considerations can nicely be
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exemplified given numerous derivatives being investigated
by multiple research groups [15]. The arrangement in the co-
lumnar stacking driven by three strands of hydrogen bonds
was demonstrated by Lightfoot et al. on crystals of N,N’,N”-
tris(2-methoxyethyl)-1,3,5-benzenetricarboxamide processed
from ethanol [16]. Meijer et al. visualized the formation of su-
pramolecular polymers with a diameter of about 5nm close to
the molecular diameter and extensive lengths in the pm-range
from aqueous solutions using a BTA with three large hydro-
phobic/hydrophilic side groups in the periphery (Figure 3a)
[17, 19]. Recently, cryogenic transmission electron microscopy
and cryo-electron tomography were used to show that this
particular BTA forms double helices [20]. This demonstrates
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that state-of-the-art electron microscopy techniques are use-
ful for visualizing the structure of supramolecular polymers
at the nanoscale [21]. Equally important, subtle variations in
the molecular structure have a strong influence on the result-
ing morphology. Thus, supramolecular polymer formation
to fiber-like structures as well as the observed dynamic ex-
change require a delicate balance between the lengths of the
hydrophobic/hydrophilic side groups [22, 23]. The centro-
symmetric arrangement of such large side groups on all amide
units prevents further excessive aggregation in solutions.
BTAs with much shorter nonpolar side groups often feature
a significant tendency to form larger bundles composed of su-
pramolecular columns, which can be regarded as a tertiary

Synthetic helical
secondary structures

supramolecular benzene  supramolecular
trisamide helix perylene bisimide helix

FIGURE 2 | Examples of natural macromolecular building blocks such as polypeptides, collagen and DNA (a), together with synthetic building

blocks such as aromatic amide foldamers, oligo-squaraines, 1,3,5-benzenetricarboxamides and perylene bisimides (b), capable of forming helical
secondary structures. Adapted with permission [7]. Copyright © 2020 Wiley-VCH Verlag GmbH & Co. KGaA.
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FIGURE 3 | (a) Cryo-TEM image of a supramolecular polymer of a BTA with long hydrophobic/hydrophilic side groups (scale bare represents

50nm). Adapted under the terms of the CC-BY 3.0 license with permission [17]. Copyright © 2013, The Authors, published by the Royal Society of

Chemistry. (b) A columnar stack of N,N’,N”-tris(1,1-dimethylethyl)-1,3,5-benzenetricarboxamide features a macrodipole across the columnar axis

[18]. (¢) The macrodipole interaction compensates via antiparallel alignment [18]. (d) Further bundling leads to a hexagonal arrangement (P6,/m)

of the supramolecular columns [18]. Adapted under the terms of the CC-BY license with permission [18]. Copyright © 2017 The Authors, published

by Wiley-VCH Verlag GmbH & Co. KGaA.
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structure. One driving force for further aggregation is related
to the three helical strands of hydrogen bonds that point in
the same direction. As a result, they form a pronounced mac-
rodipole along the columnar axis (Figure 3b). In general, di-
pole-dipole interactions scale with r—3, and consequently, the
interaction between the macrodipoles is more present in BTAs
with short side groups [24]. The macrodipoles subsequently
compensate themselves by arranging the supramolecular col-
umns in an antiparallel manner (Figure 3c). In this situation,
the side groups can also be very densely packed, which for
BTAs ultimately leads to larger bundles in a (pseudo)hexago-
nal arrangement (Figure 3d) [18].

To put this into context: A BTA with tert-butyl side groups as
shown in Figure 3b exhibits a molecular diameter of about
1.5nm. Upon self-assembly into a bundle of nanofibers with
100 nm in diameter, this represents about 3500 densely packed
supramolecular columns in the bundle cross-section. The
given examples demonstrate that there can be a pronounced
variation between the dimensions of single supramolecular
polymers and bundles of supramolecular polymers depending
on the structural design of the building block, but also other
parameters may play a significant role. Such bundles of su-
pramolecular columns already bear resemblance to the hier-
archical structure formation found in nature, but often exhibit
a significant distribution of the bundle diameter and thus of
the number of supramolecular polymers involved in bundle
formation. Perfect control over the lateral dimensions and the
hierarchical order of the superstructure is therefore not easily
accomplished, and the complexity of nature's order remains
yet out of reach.

But how can we shape supramolecular polymers into defined hi-
erarchical superstructures in a more controlled manner? In this
perspective, we like to highlight two considerations, which have
already proven to control the shape as well as the lateral dimen-
sions beyond single supramolecular polymers on the nano- and
mesoscale. For instance, one consideration is related to delicate
conformational restrictions which are encoded in the building
block. In particular, chirality can drive the structure formation
in a predetermined way by creating a distinct helicity, which
may also lead to a lateral confinement. Also, the introduction
of a second orthogonal driving force that does not interfere with
the central supramolecular motif may facilitate the confinement
of the superstructure growth. In the following sections, we pro-
vide only a small number of selected examples, which illustrate
each concept. For a more comprehensive overview, we refer to
excellent reviews in each of the chapters.

2 | Synergies in Supramolecular Architectures to
Superstructures—Chirality

A general aspect that seems to be beneficial for the realization
of defined superstructures is the use of chiral molecules similar
to nature. Chirality is a ubiquitous phenomenon that spans all
length scales, from the subatomic to the galactic scale. In liv-
ing matter, chirality plays an exposed and decisive role, which
means that function is due to the superstructure form. As shown
in Figure 2 (left) for natural polymers, the primary structure
leads to the secondary structures via inter- and intramolecular

interactions and upon further aggregation to structures with
higher hierarchical levels. In this way, nature establishes de-
fined structures mainly via non-covalent interactions, which are
critical for the function, for example for recognition and reaction
purposes. Thus, it is not unexpected that there are numerous ar-
tificial molecular building blocks that contain chiral side groups
[25]. Introducing such groups into molecular building blocks can
lead to self-assembled structures with supramolecular chirality,
which in simple terms means that the self-assembled structures
themselves exhibit helicity or other complex structures with chi-
rality [25, 26]. Chiral side groups are also often introduced into
the building blocks for analytical purposes to monitor the self-
assembly process via circular dichroism (CD) spectroscopy [27].
In the simplest case, when two light-absorbing chromophores
approach each other and aggregate, this leads to an interaction
of the transition dipole moments and thus to exciton coupling. In
the case of chiral molecules, the aggregates are twisted to each
other, leading to a bisignate signal in the CD spectrum, also
referred to as the Cotton effect. In supramolecular aggregates
using building blocks with the same enantiopure isomers, that
is, the R- or S- isomers, the predominant formation of left- or
right-handed helices is assigned in this way, which are referred
to as M- (minus) or P- (plus) helices [28]. In the case of BTAs
with chiral side groups in the periphery, this is attributed to the
preferentially clockwise or counterclockwise orientation of the
hydrogen bond triple helix or ultimately the twist of the cen-
tral benzene ring [29]. In systems with two enantiopure com-
pounds at the same ratio, two sorts of supramolecular polymers
with the opposite helicity may evolve in a self-sorting manner
but possibly with different energy. If one of the enantiomers is
in excess, the excess building block may ultimately dictate the
resulting helicity, which is known as the majority rules effect
[30, 31]. Upon mixing small amounts of chiral building blocks
with non-chiral building blocks, the supramolecular aggregates
may adapt predominately the chiral supramolecular polymer
structure, which is known as the sergeant and soldier princi-
ple [31, 32]. This leads to a chiral amplification, and it suggests
that chiral supramolecular polymer formation is driven by con-
formational arrangements due to the chiral side groups, which
eventually leads to a structure with lower energy [26]. The use
of different molecular building blocks requires a dynamic ex-
change between the monomeric species and the self-assembled
structures. Therefore, CD spectroscopy is often performed in
suitable organic solvents. In aqueous media, the self-assembled
structures have lower dynamics and more pronounced stabil-
ity, so that more time is required for the chiral amplification to
come into full effect. In addition, building blocks with solubiliz-
ing groups such as ethylene glycols can lead to turbid solutions
in temperature-dependent measurements, as the lower critical
solution temperature is exceeded, making it difficult to ade-
quately study chiral amplification [33].

A positive or negative Cotton effect is also observed when
non-chiral building blocks are used in the presence of enan-
tiopure (R- or S-) solvents, suggesting that the preferential for-
mation of a supramolecular polymer with pronounced helicity
is driven by the chiral solvent [34]. A similar behavior can be
observed in the presence of appropriate surfactants [35]. In
this context, other more trivial external triggers for the for-
mation of supramolecular polymers with preferential helicity
are also known, such as stirring in a specific direction [36].
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The visualization of such small structures with helicity and
dimensions close to the molecular diameter, however, still re-
mains a challenge [20].

At higher hierarchical levels, chiral molecular building blocks
lead to chiral hierarchical or complex self-assembled struc-
tures with appealing shapes and morphologies in a similar
manner, although it remains important to mention that a clear
understanding and correlation between the molecular chi-
rality and the structural helicity across the different length
scales is not fully established [26]. As described above, build-
ing blocks with enantiopure isomers lead to supramolecular
polymers with M- or P-helices and subsequent hierarchical
structures with clockwise or counterclockwise spiral shapes.
Depending on the central supramolecular motif leading to the
basic structure (1D fiber, 2D ribbons, etc.) and the potential
difference in conformational arrangements, this results in
the realization of various known hierarchical structures with
higher complexity if chiral side groups are employed. Figure 4
schematically shows some selected helical assemblies with
higher hierarchical levels. A very large number of small mo-
lecular or polymeric building blocks are known for the re-
alization of such or similar helical architectures. Therefore,
we refer to several excellent and comprehensive reviews on
supramolecular assemblies using chiral (macro)molecules for
further reading [25, 26, 37].

In brief, helical architectures may be based on 1D or fiber-based
structures, which can further assemble into single-helical fibers
with spiral morphology or also homo-chiral assemblies, double-
helical fibers containing two intertwined fibers, as well as bundles
of helical fibers comprising two or multiple fibers. Similarly, 2D hi-
erarchical structures are known to self-assemble into ribbon-like
structures. These ribbon-like structures can further form twisted
ribbons, helical ribbons, and chiral tubules [25, 26, 38]. In all these
different kinds of hierarchical structures, the chiral side groups
guide the structure formation along the different length scales.

Apart from the sense of chirality, another interesting aspect is that
distinct chiral molecular building blocks allow for the formation

2D-based structures

£l

FIGURE4 | Selected examples of schematic hierarchical or complex
structures self-assembled from molecular building blocks with chi-
ral side groups: 1D-based hierarchical structures may include single-

1D-based structures

i

helical fibers, double-helical fibers and helical bundles consisting of
two or multiple fibers. 2D-based hierarchical structures may include
twisted ribbons, helical ribbons, and chiral tubules. Adapted under the
terms of the CC-BY 3.0 license with permission from the Royal Society
of Chemistry [26]. Copyright © 2022, The Authors, published by The
Royal Society of Chemistry.

of spiral or twisted structures with comparable high uniform
lateral dimensions that are clearly larger than the molecular di-
ameter of the building block. Early examples were already docu-
mented in the last century. For instance, Terech et al. studied in
the mid-80s and later the self-assembly of various steroids such as a
nitroxide-substituted steroid derivative in cyclohexane (Figure 5a)
[39, 42, 43]. By investigating dried samples, they found fibrous he-
lical structures with rather uniform average diameters of 26 nm,
which comprise a pitch of about 50nm [39]. These chiral helical
fibers are partially connected and intertwined with each other in
a defined manner. Loosely connected fibers can fold back and cre-
ate a further hierarchical level. Another early example is based on
the organogelator, 1,3:2,4-bis(dibenzylidene)sorbitol, which was
investigated by the research group of Wittmann et al. In a similar
manner, they found rather uniform helical superstructures that
are intertwined creating larger structures with higher hierarchical
levels [44]. Similar observations were found, namely uniform heli-
cal superstructures, when other derivatives such as 1,3:2,4-di(3,4-
dichlorobenzylidene) sorbitol were self-assembled from non-polar
solvents [45]. Unlike building blocks with chiral moieties, which
are a central part of the core, George et al. and Ajayaghosh et al.
studied the self-assembly of elongated conjugated chromophores
based on oligo(p-phenylenevinylene) with two chiral side groups
based on (S)-3,7-dimethyloctanol, which are attached to the mid-
dle benzene group (Figure 5b) [40, 46]. During self-assembly in
non-polar solvents, left-handed helical assemblies were found.
Interestingly, upon increasing the concentrations, these helical
ribbon assemblies seem to intertwine to form a further hierarchi-
cal level of helical structures with a pitch of about 150nm.

An example of chiral superstructure formation based on a dis-
cotic core with chiral side groups was reported by Bose et al.
They synthesized BTAs containing various amino acid methyl
esters as side groups, including a BTA with three peripheral L-
valine methyl esters (Figure 5¢) [41]. When self-assembled from a
methanol-water mixture, the crystal structure elucidation shows
a hexagonal unit cell with the space group P6,. As previously
shown by Lightfoot et al., the BTA, driven by three strands of hy-
drogen bonds, stacks in a columnar arrangement representing the
secondary structure. X-ray analysis also indicates that there is an
additional interaction between the peripheral ester groups. Upon
self-assembly and sonication, a tertiary structure of about 40nm
in diameter is found. These bundles of columnar stacks feature a
spiral morphology. Upon further aggregation, three of these ter-
tiary structures are intertwined in a triple helical fashion leading
to a defined nanofiber with a diameter of about 140nm. Similar
hierarchically twisted superstructures are also observed for C3-
symmetric trisamides with larger conjugated cores, based on a
central benzene unit substituted by three diacetylene moieties in
the 1,3,5 position [47]. Although the prototypical C3-symmetric
molecular design is highly beneficial to realize fiber-like struc-
tures, it is not necessarily required to prepare hierarchically
twisted fiber-like structures.

Allin all, chiral side groups in molecular building blocks leading
to supramolecular polymers and consequently to hierarchical
structures have proven to be a powerful tool to produce super-
structures with pronounced supramolecular chirality. Although
additional strong non-covalent interactions are not necessarily
required, the morphology of the superstructure can be guided
by chirality, which is most likely driven by conformational
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FIGURES5 | Defined helical superstructures based on various chiral building blocks. (a) Steroid derivatives processed from cyclohexane and dried
lead to long, partially interconnected fibrous helical structures with rather uniform diameters of about 26 nm. Shorter helical structures may fold
back to form intertwined structures. Adapted with permission [39]. Copyright © 1988 Elsevier. (b) Oligo(p-phenylenevinylenes) with two chiral side
groups lead to left-handed helical assemblies when processed from non-polar solvents. AFM images reveal helical ribbon assemblies, which inter-
twine to form further hierarchical helical assemblies. Adapted with permission [40]. Copyright © 2006 Wiley-VCH Verlag GmbH & Co. KGaA. (c)
Helical superstructures based on a BTA with chiral L-valine methyl ester side groups. They assemble into columnar stacks with triple helical arrange-
ment of the hydrogen bonds, which further forms a helical spiral structure with a diameter of about 40 nm. Three of these helical aggregates further
assemble yielding nanofibers with diameters of about 140 nm. The lower row shows a schematic representation starting from primary to secondary
to tertiary and quaternary structures. Adapted with permission [41]. Copyright © 2006 Royal Society of Chemistry (c).

arrangement and energy minimization, leading to a synergistic to a present lateral dimension, but it remains hardly possible to
effect between the central supramolecular motif and the chiral relate these dimensions to or even dictate it by the molecular
side groups. In distinct cases, the structure becomes confined design of the chiral building block.
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3 | Synergies in Supramolecular Architectures to
Superstructures—Orthogonal Secondary Interactions

Apart from the chirality aspect, the introduction of a second
driving force or supramolecular interaction represents another
possibility to achieve a structural confinement of supramolec-
ular assemblies. The decisive factor is that it is not interfer-
ing with the central supramolecular motif. One option is the
combination of supramolecular stacking by hydrogen bond-
ing with a secondary interaction. 2-Ureido-4-pyrimidinones
(UPy), for example, form dimers by complementary hydro-
gen bonding, which can then stack into columnar assemblies
via additional lateral hydrogen bonds (Figure 6) [49, 50].
Although the created interactions work synergistically and
create rather similar nanofibers, defined hierarchies are not
created by these materials.

Confining aggregation of supramolecular polymers requires
strong but orthogonal interactions. In aqueous environments,
amphiphilic interactions can provide such a strong confining
force that does not necessarily interfere with the supramolec-
ular polymerization. In general, amphiphilic molecules com-
prising polar head groups and hydrophobic groups, mostly
aliphatic chains, can self-assemble into a variety of different
nanostructures such as for example, spheres, vesicles, cylin-
drical micelles or bilayers, as shown in the following Figure 7.
The aggregate structure can be predicted from the packing
parameter p according to Israelachvili which is described as
follows:

UPy N

monomer

P

UPy dimer Stack

‘/b
p_A*l

where V/ is the volume of the hydrophobic group, 1 is the length
of the aliphatic chain and A is the surface area of the polar head
group. As a consequence, the structure can be spherical (p <1/3),
cylindrical (1/3<p<1/2), vesicular (1/2<p<1) and lamellar
(p=1) [51]. According to its direct proportionality, an increase
in for example the volume of the hydrophobic group will result
in a transition from spherical structures towards cylindrical or
vesicular/lamellar aggregates.

The morphology is mostly decided by the composition of the
amphiphilic molecules, that is, the ratio of head group size
compared to the length and volume of the aliphatic chains
[24]. The diameter of the micelle or bilayer remains typically in
the range of a few nanometers in the case of small molecules.
If amphiphilic polymers are used, the dimensions can be fur-
ther extended, but control over the formation of specific mor-
phologies becomes far more challenging since interactions are
more complex. Combining this amphiphilic assembly with
supramolecular polymerization creates intriguing synergies
that are related to their orthogonal character. In particular, if
strong hydrogen bonds form the supramolecular polymer and
the additional amphiphilic character does not interfere with
the hydrogen bonding, hierarchical structures can be created.
In such cases, amphiphilic molecular building blocks form su-
pramolecular stacks driven by hydrogen bonding and/or n-7 in-
teractions, whereas hydrophobic interactions enable controlled

Nano-fiber

FIGURE6 | Schematicrepresentation of the theoretical aggregation of the end groups of UPy (blue) urea (red)-modified polymers into nanofibers.
Adapted with permission [48]. © 1996 Royal Society of Chemistry. The UPy substituent at the six-position is depicted in green.
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FIGURE 7 | Self-assembly of amphiphilic molecules into various kinds of nanostructures. Created with BioRender.
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FIGURES8 | Possible model for the self-assembly of PEO-NDI-U, in water into supramolecular cylinders via hydrogen bonds reinforced by hydro-
phobic interactions (a). Adapted with permission [49]. Copyright © 2011 American Chemical Society. Schematic depiction of the different assembly
behavior (bottom) observed for the tested BTUs (top), which is influenced by either the structural arrangement of the hydrophilic polymer chains

(right) or the packing parameter (left) (b). Reprinted with permission [52]. Copyright © 2020 American Chemical Society.

lateral aggregation. An example that nicely exemplifies the
concept is N-substituted naphthalene diimides containing both
a hydrophilic poly(ethylene glycol) chain (PEG) and a bisurea
modified alkyl chain (PEG-NDI-U,). These amphiphilic materi-
als aggregate into 300nm long and 13nm wide nanorods, which
are composed of about 6 molecules per cross-section in a star-
shaped arrangement (Figure 8a) [48]. When substituted at the
imide, the H bonding moieties will be oriented perpendicularly
to the NDI plane, resulting in stronger H-bonding participa-
tion and facilitating superstructure formation [53]. Alternating
sequences, as for example achieved by co-assembly of electron
rich and electron poor stacks, provide additional control over the
distribution of functionalities along the nanocylinder surface
[54]. Similarly, bis(squaramide)s or amphiphilic urea derivatives
assemble into long and highly anisotropic fibers or rigid fila-
ments, respectively, carrying long aliphatic chains shielding the
central supramolecular motif and inducing lateral aggregation
in an aqueous environment, which is then counteracted by the
attached hydrophilic polymer chains [55, 56]. While fiber for-
mation is enforced by supramolecular stacking, the ratio of hy-
drophobic to hydrophilic groups decides the dimensions of the
lateral aggregation, but it may also induce further morphology
changes. For instance, increasing the length of the hydrophilic
polymer chains in the case of an amphiphilic perylene bisimide
motif leads to a transition from 2D towards 1D nanostructures,
which is related to an increase in steric demands and thus, hin-
dered lateral aggregation [57]. That dimensions can be rather
well controlled, as illustrated by supramolecular systems based
on amphiphilic polymers that comprise benzene trisureas (BTU)
or trispeptides (BTP) as a central stacking motif. These central
motifs are modified with three aliphatic chains creating a hy-
drophobic core unit, where one chain is further extended with

a hydrophilic polymer chain. In water, these building blocks
self-assemble into cylindrical micelles with defined diameters
of 7-10nm depending on the lateral aggregation of two or four
columnar stacks [52, 58, 59]. Increasing the polymer length
mainly impedes stacking into columnar structures due to an
increased steric demand of the polymer chains, while the core
size remains constant. Varying the amphiphilic structure by at-
taching additional hydrophilic polymers to the other aliphatic
chains, however, prevents the lateral aggregation in addition to
the impeded stacking of the columns (Figure 8b). The latter can
still be enforced through introducing additional hydrogen bond
forming groups [60].

Sufficient strong hydrogen bonding interactions even enable di-
recting the self-assembly of amphiphilic block copolymers into a
hierarchical cylindrical structure. This has been demonstrated
using asymmetrically substituted cyclic peptides composed of
alternating D- and L-amino acids, which form large tubes by
antiparallel $-sheet-like stacking [61, 62]. Bearing a hydrophilic
and a hydrophobic polymer chain, the tubes are formed at the
interface of a cylindrical block copolymer micelle, leading not
only to the name tubisomes, but also providing a more defined
cylindrical structure (Figure 9) [63].

The case of cyclic peptides conjugated to amphiphilic polymers
nicely exemplifies the potential of combining strong hydrogen-
bonding units with amphiphilic properties to enhance the sta-
bility of supramolecular assemblies [64]. While the conjugation
of hydrophilic polymers results in a dynamic system that is sus-
ceptible to disintegration upon dilution, the insertion of a hydro-
phobic block hinders dynamic exchange, making the structures
resistant to dilution [65].
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FIGURE9 | Structure of the amphiphilic cyclic peptide/polymer conjugate p(butyl acrylate)-cyclic peptide-p(poly(ethylene glycol) acrylate) (top)
and the self-assembly into tubisomes (bottom). Reprinted with permission [63]. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA.

All these examples demonstrate the potential of synergistically
applied orthogonal interactions to expand the scope of supra-
molecular polymerizations towards hierarchical structures
with defined dimensions. Ideally, these dimensions can inde-
pendently be controlled by adjusting the secondary interactions
or by the ratio of peripheral to central groups, as it is exemplified
by the hydrophilic/hydrophobic ratio in amphiphilic molecules.
What remains to be explored is the incorporation of dedicated
interactions in the periphery or the surface of these structures,
which ultimately allows for expanding the levels of hierarchy
similar to nature.

4 | Potential and Perspective of Tailored
Hierarchical Superstructures

Several conceptual approaches towards hierarchical superstruc-
tures have been extensively described and discussed in litera-
ture. As a consequence, hierarchical superstructures defined at
all scales are now probably on their advent, allowing to realize
and control supramolecular nanostructures with tailored func-
tionalities. This broad occurrence and their versatility implicate
a countless number of opportunities and applications, which are
related to the plethora of functional building blocks but more
importantly to the structures’ shape as well as to the surface in-
teractions. In particular, superstructures with supramolecular
chirality and their perspective have been recently extensively
reviewed [25, 26]. This includes promising applications directly
related to their chirality, for instance, in chiral recognition and
sensing, chiroptical switches, and chiral or asymmetric cataly-
sis. In the following, we focus on selected potential applications
that are related to the defined hierarchical structure and precise
positioning of functions, for which nature provides an excellent
role model or has intriguing similarities.

Light-weight materials with tailored mechanics and functional-
ity: As a first example, we briefly like to introduce macroscopic
hierarchical structures which enhance mechanical properties
and were developed by humankind centuries ago, namely yarn
and ropes. Their structure has remarkable morphological sim-
ilarities to natural fibers and helical fibers as outlined in the
introduction and in Section 2. Natural fiber sources for yarn
fabrication often rely on wool (protein-based fibers) or cotton
(cellulose-based fibers). Both are essentially staple fibers, which
means they have a finite length in contrast to synthetic poly-
mer processed filaments. Cotton fibers are twisted ribbons with
lengths in the cm range (Figure 10a) [66]. To produce a yarn of
infinite length, these short fibers were spun and twisted in a
way that the established entanglements between the staple fi-
bers hamper slipping, which foster and improve the mechani-
cal properties within the hierarchical structure. Several yarns
can be further twisted to form strands and twisting of several
strands in the opposite direction yields ropes [73]. In contrast
to non-structured bulk materials, yarns and ropes with their
lower density combine strength and toughness with excellent
flexibility.

In particular, when realizing structural components with
outstanding, though mechanical characteristics, nature uses
hierarchically structured nanocomposites ranging from the
nanoscopic to the macroscopic scale. In bones, these are based
on nanoplatelets of hydroxyapatite within collagen fibrils
(Figure 1). Apart from these bulk-type, fibrous hierarchical
composites, nature uses also laminated plate-like structures
with a prominent example being nacre [4]. Nacre is a hierar-
chical structure resembling a ‘brick-and-mortar’ morphology
based on micron-sized ridged platelets of aragonite (CaCO,)
laminated with a small amount of proteins and polysaccha-
rides [74]. This leads not only to an extraordinary stiffness and
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FIGURE 10 | Natural and artificial hierarchical structures. (a) SEM images of twisted ribbons of cotton fibers (left) [66], cross-section of cellulose

nanocrystals/xylan composite film (middle) [67], and of BTA-based supramolecular spine (right) [68]. Adapted with permission [66]. Copyright 2007,
Elsevier Ltd. Reprinted with permission [67]. Copyright © 2020, Wiley-VCH GmbH. Reprinted under the terms of the CC-BY license with permission
[68]. Copyright © 2024, The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH. (b) LH II antenna complex of Rhodoblastus
acidophilus (left) [69], chemical structure of a carbonyl-bridged triarylamine trisamide (CBT) (middle), single fibers and fiber bundles of CBTs show-
ing differences in the excited state energy landscape (right) [70]. Adapted under the terms of the CC-BY 4.0 license with permission [69]. Copyright ©
2021, The Authors, published by MDPI. Adapted under the terms of the CC-BY-NC-ND license with permission [70]. Copyright © 2020, The Authors,
published by the American Chemical Society. (c) Dimensions and shape of antibody IgG (left) [71], potential types of aggregates for an artificial anti-
body (middle) [72], and an example containing 7 antigen binding sites in the periphery (right) [72]. Reprinted with permission [71]. Copyright © 2008,

American Chemical Society. Adapted with permission [72]. Copyright © 2021, Elsevier Ltd.

strength related to the hard material aragonite but also to a
high toughness related to the organic material and allows for
energy dissipation [1, 4]. Consequently, there is a significant in-
terest in mimicking this kind of hierarchical structure not only
because of the mechanical properties but also due to appealing
iridescent or transparent properties [75, 76]. A similar combi-
nation of properties, that is, tunable mechanical strength and
iridescence can also be realized by combining cellulose nano-
crystals and polysaccharides [67]. Upon evaporation induced
self-assembly, this leads to thin hierarchically-structured films
with chiral organization (Figure 10a). In all these cases, the
functionality and properties are closely related to the tailored
sequence of interacting interfaces within the bulk of the hier-
archical nanocomposites.

The surface of hierarchical materials can also provide spe-
cific functionality. In other words, hierarchy can lead to sur-
face structuring of objects that ultimately result in or enhance
functionality. A prominent example are cacti spines. Certain
species of cacti survive in arid regions without rainfall by har-
vesting atmospheric water with the help of their spines to en-
sure their water demand [77]. Cacti spines mainly consist of
cellulose and other polysaccharides and feature a hierarchical
fibrous structure [78-80]. Importantly in distinct species, the
cacti spines surface is characterized by several features [77].
This includes their conical shape, which leads to a Laplace pres-
sure difference. Together with the longitudinal micro-grooved
surface, this facilitates water transport unidirectionally from
their tip to their base even against gravity. The structure of the
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microgrooves becomes smaller from the base to the tip, which
additionally establishes a wettability gradient along the micro-
grooves. Artificial supramolecular cacti spines can be prepared
by applying sophisticated self-assembly protocols using distinct
BTAs [68]. These supramolecular spines with hierarchical struc-
ture contain all these elements (Figure 10a). Consequently, the
surface of these supramolecular spines is able to unidirection-
ally transport water with a transport speed that even exceeds
cacti spines of O. microdasys by a factor of ten.

Based on all these examples outlined above, one is tempted to
say that the function, which results from hierarchy in bulk or
is present on the surface on the micro- and macroscopic scale,
is more a question of establishing and controlling the self-
assembly procedures than of developing new classes of mate-
rials. However, controlling the solid-state morphology is an
underestimated key property to tune mechanical characteristics
and other properties, as nature has already impressively demon-
strated with just a few building blocks (see Figure 1). Similarly,
and as shown above, artificial nacre-like nanocomposites using
established materials and preparation techniques have great po-
tential for large-scale applications such as protective structures
for panels, windows, and electronic housings [76].

Light harvesting, nanophotonics and electronics: One of nature's
success stories is the design and evolution of photosynthetic ma-
chinery that effectively converts sunlight into a useful form of
chemical energy [81]. One fascinating aspect is that photosyn-
thetic organisms also function in extreme environments with
low levels of sunlight. For example, green sulfur bacteria survive
at sea depths of around 80 m with solar irradiation that is 14 or-
ders of magnitude lower than on the surface [82, 83]. Thus, pho-
tons have to be absorbed, transported and used very efficiently.
The initial steps of photosynthesis involve light-harvesting
(absorption) and transport of excitation energy through their
antenna systems before reaction takes place in the transducer.
An outstanding feature is that exciton energy transport pro-
ceeds in a directed manner over distances of more than 100nm
and sometimes of up to 2pum with a quantum efficiency close
to unity [83-85]. Nature realizes this by using ensembles of su-
perstructures, which create precisely arranged pigment-protein
complexes. For example, the natural light-harvesting antenna
complex II (LH II) represents a circular structure, in which 9 a-
apoproteins are forming the inner wall and 9 -apoproteins form
the outer wall (Figure 10b) [86]. Between these proteins, a series
of chromophores, that is, bacteriochlorophylls and carotenoids
are precisely arranged leading to defined electronic Coulomb
interactions between the chromophores. Their arrangement and
interactions establish a defined excited-state energy landscape,
which results in exciton delocalization and promotes coherent
energy transport [83]. Equally important, the excited-state en-
ergy landscape features an intrinsic gradient that directs the
diffusion of energy through the superstructure's ensemble al-
though largely the same chromophores are used [81, 87].

Inspired by the unmatched properties of the natural photosyn-
thetic machinery, several research groups have aimed to create
artificial counterparts—particularly in view of exciton trans-
port—based on chromophoric supramolecular systems. Similar
to natural chromophores, linear, disk- or board-shaped chromo-
phores are employed. These include, for example, polymethines

or related dyes such as cyanines, merocyanines as well as
squaraines or fused aromatic compounds such as naphthalene
diimides, perylene bisimides, carbonyl-bridged triarylamines,
porphyrins and hexabenzocoronenes [82]. In these compounds,
self-assembly is driven by m-m stacking, but also supported
by H-bonding, donor-acceptor (D-A) interactions or others.
Depending on the molecular design, this leads to H aggregates
(with a face-to-face arrangement), ] aggregates (with a slipped-of
arrangement) or aggregates with charge transfer (CT) character.
Depending on the aggregate type, this has significant impact
on the photophysics, including absorption, photoluminescence,
life-time of the excited state, electronic coupling and ultimately
energy transport. Research on supramolecular objects for light
harvesting or exciton energy transport focusses on both su-
pramolecular polymers as well as superstructures, including
single- or multi-walled vesicles or micelles [88, 89], nanotubes
[90-95] and Y-shaped nanotubes [96], as well as single nano-
fibers [70, 97], and nanofiber bundles. However, changing, for
example, from a single nanofiber and nanofiber bundles, that
is, from a supramolecular polymer to a structure with higher
level, unavoidably introduces structural and electronic disorder
(Figure 10b) [70, 97]. Both leads to exciton localization and re-
duces exciton energy transport. On the other hand, if disorder is
implemented in a controlled manner, this allows to build-up an
energy gradient in superstructures [98].

To mimic and/or implement chromophoric superstructures,
however, holds great promise and leads to improved properties
of existing technologies or to novel applications. For instance,
a limiting factor in bulk heterojunction solar cells is the inco-
herent exciton hopping after light absorption, which proceeds
only over a distance of a few tenths of nm. As a result, the exci-
tons cannot always reach the donor-acceptor interface required
for charge separation. Efficient transport of exciton energy be-
tween the interfaces therefore reduces one of the loss channels.
Chromophoric superstructures on the nanoscale also have the
potential to be used in nanophotonics and in excitonic circuits
[99,100]. In particular, the latter requires significant spatial con-
trol and manipulation of the supramolecular objects. Coherence
in chromophoric superstructures is not only relevant for long-
range energy transport, but may have the potential in the field
of quantum information science and technology [82, 101]. If, for
example, a single molecule is regarded as a qubit (quantum bit),
supramolecular systems can be considered as arrangements of
qubits if there is sufficiently strong electronic coupling between
the individual building blocks to promote entanglement [102].
All these applications can be achieved with thermodynamically
stable or static supramolecular polymers or superstructures. A
potentially exciting application, which in contrast requires an
adaptive system, may be neuromorphic computing with supra-
molecular objects. Neuromorphic computing relies on a dense
network of interconnected “neurons”, which operate in a parallel
fashion [103, 104]. Learning and training the memory is related
to the connectivity, which can be regarded as wiring, between
neurons. In this context, the dynamic and reversible nature of
supramolecular systems may be employed to foster, re-establish,
or unplug such connections between artificial neurons.

Strict guidelines for the molecular design of efficient chromo-
phoric supramolecular polymers and superstructures for various
purposes have not been established by now. This is evidenced by
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the small number of known artificial systems that exhibit ex-
ceptional long-range energy transport (>100nm) [97]. Even in
supramolecular assemblies based on the same building blocks,
significant variations in energy transport can be detected, which
can theoretically be described by a kind of disorder, although
the origin is unknown [105]. To gain a deeper understanding,
dedicated model compounds and controlled self-assembly pro-
cedures are required, supported by structural elucidation using
state-of-the-art analytical techniques. Disorder is not only re-
lated to potential defects in the chromophore structure but also
to the periphery. It can be assumed that soft and rigid, polar and
non-polar structures, among others, influence the photophys-
ics of self-assembled chromophores. For a more comprehensive
understanding and to unleash the potential, further tailored
chromophoric systems in combination with defined structure-
directing supramolecular motifs are required. This is partic-
ularly relevant to broaden the theoretical and experimental
understanding between the H and J aggregates and structures
with CT states [82, 106]. Equally important is the electronic cou-
pling between the chromophores, which depends on the chromo-
phore and the non-covalent interactions regulating the position
of those to each other. The electronic coupling determines the
delocalization of the excitons, which typically includes only a
couple of chromophores [107]. This ultimately has an impact on
the coherent transport properties and therefore on the efficiency
and purpose.

Artificial antibodies and targeted nanomedicine: Apart from the
photosynthetic machinery or enzymes, which both are able to
perform chemical reactions, antibodies are another remarkable
approach of nature that is based on the formation of a defined
superstructure. In particular, antibodies represent the primary
weapon in defense of complex organisms and enable them to
counteract any pathogen such as viruses or bacteria. For in-
stance, the human adaptive immune system can quickly release
neutralizing antibodies when infections with viral pathogens
reoccur or adapt them to mutated but closely related pathogens
[108]. However, in the case of newly emerging and highly con-
tagious pathogens—as exemplified by the recent severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) - it takes
about several days to weeks to identify and produce efficient an-
tibodies that can neutralize the viral thread [109]. This delay in
the immune response, however, exacerbates the effects of these
pathogens, which can lead to severe disease progression and re-
sult in immediate or premature death and also contributes to the
spread of the virus.

Antibodies generally belong to the family of immunoglobulins
(Ig). Immunoglobulins are composed of proteins with a precise
and distinct sequence of amino acids, with the most prominent
example being the IgG. The IgG represents the “monomeric”
form of antibodies and consists of two identical so-called ‘heavy
chain’ polypeptides and two identical so-called ‘light chain’
polypeptides. These chains are arranged by inter- and intramo-
lecular non-covalent interactions and four disulfide bridges into
the prominent Y-shaped superstructure (Figure 10c) [110]. This
Y-shaped superstructure weighs approx. 150kDa, has a length of
approx. 9nm and a width of approx. 14 nm, the latter being the
distance between the two antigen binding sites (epitopes) on the
tip of the “Y” [71]. Another important representative of antibod-
iesis the IgM, which corresponds to the pentameric form with 10

antigen binding sites and a weight of about 900kDa. Antibodies
such as IgG are anisotropic and significantly larger than simple
(macro)molecules, but also significantly smaller than viruses
with a diameter in the range of 100nm. Therefore, several IgGs
are involved in forming antibody-virus complexes and their neu-
tralization activity requires a relatively high affinity of the anti-
body for exposed structures on the viral surface [111, 112]. An
interesting feature of released antibodies, which are produced
and/or stored from naive or memory B cells, is that they are sta-
ble in their environment for at least days to weeks demonstrat-
ing an intrinsic and significant thermodynamic stability.

In view of a possible emerging pandemic in the future, it is be-
coming clear that artificial antibodies that bind effectively to
virus capsids could play a pivotal role in preventing damage to
health and the spread of the virus. Well-investigated approaches
focus on the biosynthetic production of antibodies, which can
be applied in the field of antibody therapies [113]. Commonly
pursued biotechnological-based approaches include so-called
monoclonal antibodies and recombinant antibodies. Monoclonal
antibodies are obtained by harvesting B cells from virus-infected
species and combining them with specific cell lines that produce
the antibody. Recombinant antibodies are achieved by fusing
the genetic information for antibody production with the viral
genome of bacteriophages, which then express the antibody
(fragment) on their surface [114]. Both the monoclonal and the
recombinant antibodies have in common that the artificial anti-
bodies feature similar or the same stability with corresponding
nanoscopic shape and dimensions and specific antigen binding
sites (epitopes). However, their preparation is time-consuming
and requires sophisticated work-up and purification procedures
rendering the production costs high. Thus, synthetic approaches
that comprise various self-assembly strategies may represent
a promising alternative. Nanosized objects may be based on,
for example, liposomes, polymersomes, micelles, polymer mi-
celles, dendritic or tubular structures, which bear the epitopes
on the structures’ surface (Figure 10c) [72]. These epitopes may
be based on sialic acids or other protein fragments, which are
suitable for virus neutralization by establishing superstructure-
virus interactions via hydrogen bonding, salt/ionic bridges as
well as van der Waals interactions. At the current stage, it re-
mains a challenge to create real artificial antibodies with sim-
ilar efficacy. We anticipate that an ideal superstructure should
fulfill various requirements, as for example that the dimensions
should be similar in the range of IgG or IgM to match viral sizes
and distances of target domains. Realizing such structures re-
quires dimensional control beyond single molecules, polymer
chains, or even conventional self-assemblies. Combinations of
orthogonal supramolecular motifs might, however, achieve the
required structural control. Nevertheless, their structural sta-
bility and integrity in biological environments must be ensured,
which requires, in addition, a high stability of the self-assembled
hierarchical structures. This also includes extremely diluted
conditions excluding systems that are in a dynamic equilibrium
between self-assembly and disassembly. So far, only very few
systems have been analyzed for stability under such diluted con-
ditions, which must be addressed in future if such applications
are considered. The most promising candidates in this regard
appear to be systems that combine orthogonal interactions such
as strong hydrogen bonds and an amphiphilic character. In ad-
vanced nanomedicine, high affinities of the epitopes towards

Journal of Polymer Science, 2025

4461

85U8017 SUOWIWIOD A1) 3|cedldde ays Aq peuenob are ssjoie YO ‘N JO Sa|ni Joy Ariqi8UIIUO /8|1 UO (SUOTIPUOD-pUe-SLLRI/LI0O A8 |1 AR 1B |UO//:SANY) SUOTIPUOD pue swie | 8L 88S *[9202/c0/92] Uo Ariqiauliuo A(1Mm ‘yineifeg seeisieAlun Aq 58805202 10d/200T 0T/I0p/L0o" A3 1M ARl jeuljuo//sdny wouy papeo|umod ‘Iz ‘G202 ‘69129z



specific targets are further desired for tailored therapeutic ap-
proaches, which can be compensated by multivalency in the
case of weak individual interactions. However, high charge den-
sities or highly interacting epitopes can affect the biocompatibil-
ity of synthetic systems and cause undesired immune responses,
which probably limits their use to topical applications.

5 | Conclusion

Nature has generated numerous fascinating models by con-
structing defined superstructures with tailored functionalities
that are often the result of the different hierarchical levels across
multiple length scales rather than the property of the individual
building blocks. Following this approach, the production and
use of artificial systems depend crucially on control over the di-
mensional shape. Defined superstructure formation across the
hierarchical levels can be achieved by precisely controlling and
directing the self-assembly process leading to nanocomposites
or tailored mesoscale structures with functionalities that are
encoded in the bulk or imprinted in the surface of the objects.
Yet the ultimate control of defined superstructures on the na-
noscale is probably more likely to be achieved by combining
non-covalent interactions in an orthogonal manner, for exam-
ple, through hydrogen bonding and amphiphilic interactions, or
confinement by packing restrictions as demonstrated for many
chiral compounds. This undoubtedly enables countless combi-
nations to realize a variety of defined objects with hierarchical
structure bridging from the nano- to the meso- and maybe even
to the macro-scale. But more appreciably, a suitable design and
the tailored introduction of specific functionalities will enable
the creation of unprecedented materials, such as multiphoto-
chromic systems or adaptive antibody-like structures, with ex-
ceptional properties and unmatched features.
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