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Abstract: Supramolecular co-assemblies are an emerging class of
materials that have evolved over the last 30 years. These materials
demonstrate compelling structures and properties, so they became
increasingly promising for different applications. Their dynamic
character, the reversibility of the interactions, and the possibility of
using a wide variety of building blocks attract the interest of the
scientists. In this minireview, we highlight the different types of co-
assemblies between low molecular weight organic molecules,
mentioning the progress in materials preparation and control, as well
as some of the characterization techniques that are used for such
materials. Our goal is to unify the classification of peptide and non-
peptide-based co-assemblies and to give some guidelines for their
control in terms of stability and properties.

1. Introduction

Precise control of shape and dimensions in a soft matter down to
the molecular and nanoscale is recognized as a critical scientific
goal in the development of new materials. Bottom-up

methodologies based on non-covalent interactions provide
pathways to ordered supramolecular architectures either on
interfacial surfaces or in solution ranging from the molecular to the
mesoscale.t! Nature, through biopolymers, such as proteins and
nucleic acids, is working as the guide. These polymers consist of
assemblies  from smaller units (amino acids, peptides,
chromophores, inorganic compounds) in  orchestrated
architectures yielding to active nanomaterials.” Key to this
structural formation is the use of multiple non-covalent
interactions such as hydrophobic effect, hydrogen bonding, ionic,
van der Waals, and 1-1 interactions to facilitate self-assembly of
a single molecule or co-assembly of multiple molecular building
blocks in a thermodynamically driven process.

Such polymers work as inspiration for the scientists through the
last years and have led to lots of works dealing with self-
assemblies of different molecules.®! The controlled nanoscale
morphology gives rise to materials with interesting properties that
have been explored in different applications such as catalytic
systems, energy storage, light-emitting devices, solar cells,
sensors, bio-electronics, drug delivery, cell culture, etc.
However, to extend the number of available functionalities in
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supramolecular systems, we must enhance the complexity of
systems.

Nature builds up complex supramolecular systems such as
membranes by combining different building blocks where the
interplay between the components determines the final properties
of the structure. Supramolecular co-assembly between two or
more components can result in architectures of wide structural
complexity and chemical diversity without complicating the
nanostructure synthesis. Therefore, supramolecular co-assembly
is a simple way of building complex systems. The non-covalent
interactions between the components can be tuned to give,
through simple and reversible procedures, the demanded
nanomaterials with the appropriate properties without having the
synthetic  difficulties of the covalent systems. Using
supramolecular co-assemblies, the complexity to facilitate
multiple tasks can be achieved by simply combining additional
building blocks or by tuning their ratio. Despite the difficulties,
these unique characteristics have attracted scientists to explore
the assemblies of more than one component and to try to control
the supramolecular interactions between them.

The concept of co-assembly is quite general, meaning any
combination of two components into an assembly. As well as
small organic molecules, this includes a large variety of other
components such as polymers, oligomers, metals, aptamers and
other nucleic acid-based systems, which are not the focus of this
minireview. If the reader is interested in more detail in peptide co-
assemblies or different types of co-assemblies, there are already
some very interesting reviews in peptides,® 5 aromatic
molecules,”® and metallosupramolecular polymers.[! This review
aims to shed light on the co-assemblies between small organic
molecules showing the differences between peptide and non-
peptide-based systems. Within this context, there are some
reviews that focus on the peptides co-assemblies and donor-
acceptor systems.®2 %1 Herein, we are going to unify the
nomenclature for the co-assemblies of small organic molecules
and try to classify them in different categories with the use of
characteristic examples from the literature. We will comment on
preparative procedures, structural analysis, and properties,
always having in mind the aspects of applications. Then, present
what we believe will be the future directions in the field.

1.1 Co-Assembly classification

Supramolecular self-assembling systems have commonly been
classified based on the nature of the building block. With this
criterion, we can identify peptide and non-peptide-based
molecules. While the former can also include other moieties such
as aromatic groups, the latter usually have aromatic groups,
because Ttr-stacking interactions become crucial for the self-
assembly of non-amide-rich monomers. As peptide-based
assemblers, we can find pure peptides (PP), peptide amphiphiles
(PAs), and aromatic peptide amphiphiles (APAs), and non-
peptide based monomers can be aromatic or non-aromatic
assemblers.Bb: 8l

However, the definition becomes more complex with co-
assemblies, given the multicomponent character. Co-assemblies
classification is based in the interplay between two (or more)
monomers present in the assembly and can meet structural,
chemical, or functional criteria.

10.1002/ejoc.202000529
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Based on the work from Ulijn et al.®¥ we can recognize the co-
assemblies in the following categories: Orthogonal, where the
components segregate into district structural components;
Cooperative, where building blocks adhere to a common mode of
self-assembly; Random where there is not any precise order and
Disruptive, where partial incorporation and mismatches between
building blocks result in the occurrence of defects/discontinuities
in the structure (Figure 1). A different nomenclature refers only to
the degree of mixing of the components: self-sorted (equivalent to
orthogonal) and co-assembled, which does not differentiate
between random and cooperative.®’l - Thus, the later
nomenclature requires a lower knowledge of the exact interplay
of the monomers.

The chemical nature of building blocks differentiates co-
assemblies in homo-co-assemblies, where the different
monomers have similar chemical nature or hetero-co-assemblies,
where they differ. Co-assemblies between the same types of
peptide-based monomers are homo-co-assemblies despite the
amino acid sequence differs. In the same way, we can call co-
assemblies between aromatic monomers homo-co-assemblies if
the aromatic group is the same, which is not often the case. The
combinations of peptides with PAs or APAs are hetero-co-
assemblies, as the additional moiety plays a key role in driving the
assembly of the building blocks. Therefore, co-assemblies

8 Self-assembly ’ ~

T Self-assembly
Co-assembly
cooperative
disruptive
Co-assembled
random orthogonal
Self-sorted
b) PP PA APA ArA
Assembler 2 - 9 —9
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Figure 1. (a) Schematic representation of how two building blocks (blue and
red bricks) can assemble into an ordered architecture; mixing them results in
a complex co-assembled architecture via four possible categories such as
cooperative, orthogonal, random and disruptive co-assembly. (b) Table
explaining how the different combinations of the discussed assemblers can
give hetero-co-assemblies (brown) or homo-co-assemblies. Peptides are
shown in green, aliphatic chains in black, and two different aromatic examples
in yellow and purple.
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between monomers, where the nature of the interaction motifs
driving the self-assembly differ, are hetero-co-assemblies (Figure
1b). For example, PP self-assembly depends on hydrogen
bonding between amides, PAs add the aliphatic chain
hydrophobic effect, and APAs also Tm-stacking. It is also
convenient to distinguish between different aromatic groups, as
the strength of the interactions can strongly differ.

The role of the monomers in the co-assembly classifies them in:
structural, if all monomers have a relevant structural role in the
assembly, usually intending to obtain a third structure that differs
from the self-assembled of each monomer by itself; functional,
where one of the monomers act as a structural template for a
second, or more, a monomer that incorporates some functionality;
and co-functional co-assemblies, where all the monomers
contribute to both the structure and the function, either because
the functionality is the result of the interplay between both co-
assemblers or because the overall function is the result of the
addition of properties from both assemblers. Herein we are going
to assign different works according to the functionality of the co-
assemblies, and then we will try to adjust the examples with the
other classifications.

2 Peptide-based co-assemblies

The natural tendency of peptides to form self-assembled
structures, as proteins do to form their hierarchical structure, has
been largely exploited in nanotechnology.®® 8 9 The high
availability of the building blocks, their biocompatibility, and
relatively easy synthesis make them desirable materials. Peptides
require hydrophobic side chains to drive self-assembly but can
also be helped by other moieties that can be aliphatic or aromatic
giving, respectively PAs or APAs. While it is often difficult to
assign the exact role of the monomers in the co-assembly given
the difficulties to characterize two chemically similar molecules
inside the same structures, peptide-based co-assemblies can be
easily classified based on the overall structural changes and
functionality incorporation.

2.1 Structural Peptide-based Co-assemblies

The combination of building blocks in supramolecular assemblies
has been extensively used as a way of gaining complexity and
increasing the available types of structures. The role and the
structural interplay of the monomers in the co-assemblies have
been an object of study, and, as mentioned above, was used by
Ulijn et al. to establish four types of co-assemblies (Figure 1).
They studied combinations of self-assembling and non-self-
assembling (surfactant) APAs, showing different types of
structural relationships between them,® to later study how to
control the process using an enzymatically triggered system. [19
They show that nanostructure forming APAs serve as nucleation
points to surfactant-like APAs favoring their assembly into their
structures without affecting the initial order of the fiber-forming
molecule. Using these definitions, Tuttle et al. later use molecular
dynamic simulations to predict the type of co-assembly between
a given tripeptide and different dipeptides.! Gazit et al. were able
to rationalize the different types of structural relationships based
on their crystal structure, showing that single amino acids that
crystalize with similar interlayer distance are more prone to form
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cooperative co-assemblies.*? These studies show that both of
the co-assemblers must gain stability to favor cooperative co-
assembly.

Cooperative assemblies allow for the formation of structures
distinct from both individual monomers’ assemblies. Wei et al.
showed how cooperative homo-co-assemblies between FF and
FFF gives different structures depending on their ratio (Figure
2a).l%1 On the other hand, Reches et al. exploited orthogonal co-
assembly of FF with different C-terminus (tert-butyloxylcarbonyl
and amide protected) to build modular structures.' The
extension of the structural libraries has also been applied to
combinations of tripeptides, where the cooperative mixture of a
non-nanostructure forming and a ribbon forming tripeptide gives
rise to fibers.[*®! However, co-assemblies can, in some cases, be
disruptive when a non-assembling monomer acts as a surfactant,
increasing the solubility of the self-assembling monomer,
inhibiting the formation of extended supramolecular structures.*6l
Ulijn et al. also observed disruptive effects when same aromatic
moiety was used in self-assembling and surfactant APAs,
suggesting that favoring the t-stacking enhanced disruption in
the hydrogen bonding.®3 Similarly, Zhang et al. pointed out the
need for using different driving forces to favor the formation of
orthogonal co-assemblies. In this case, these are hetero-co-
assemblies between an Fmoc-dipeptide and a coumarin, but as
the previous example, the difference in the aromatic groups
seems to be key to avoid interference between the two
assemblies!”? Hamachi et al. exploited the orthogonal co-
assembly between building blocks of different nature to observe
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Figure 2. (@) Simulated structural transformation at different ratios of FF/FFF homo-co-assembly. Reproduced from ref.,[*3 Copyright (2016), with permission from
ACS. (b) B-sheet secondary structure transformation upon homo-co-assembly of two a-helix forming APAs. Reproduced from ref.,!% Copyright (2016), with
permission from ACS. (c) Supramolecular ellipticity effects upon hetero-co-assembly of a peptide derivative (LPPG) with different bipyridines (DPa, DPe and DPb)
showing how the ratio of DPb switches from left at 1:1 to right handed ellipticity at 1:2. Reproduced from ref., ?3 (d) Superstructure formation induced by
supramolecular interactions of functional PAs co-assembled in the fibers. They use DNA functionalized PAs or zwitterionic PAs to enhance interfiber interactions
and induce bundling. Reproduced from ref.,?® Copyright (2018), with permission from AAAS.

the fibers’ self-sorting event using confocal fluorescence with
propped building blocks. They observed that despite these
building blocks formed distinct nanostructures, there are
cooperative effects through the assembly process. 8!

Co-assemblies have not only been used to tune the nanoscale
morphology but also the intermolecular order. Xu et al. found two
pyrene based APAs with a helical secondary structure that
transformed into a B-sheet upon co-assembly(Figure 2b).9
Stupp et al. combined PAs with the aliphatic tail in opposite termini
of the peptide to give rise to PAs of opposite polarity and favor the
formation of antiparallel instead of parallel B-sheets.”! The
formation of more stable secondary structures suggests
cooperative effects. Lynn et al. co-assembled similar amyloid-like

PPs with opposite charge in an orthogonal way to give zwitterionic
tubes with the inner and outer walls of opposite charges.? The
combination of building blocks allowed Hartgerink and co-workers
to modify the stability of collagen-like supramolecular
assemblies.”d In this study, they can distinguish between
orthogonal (or non-co-assembled) and cooperative co-assembly
depending on the mixture conditions of some of the systems using
the melting temperatures of the components followed by
temperature-dependent circular dichroism.

[17.28The hetero-co-assemblies between peptide derivatives and
small molecules have been shown to have interesting effects in
supramolecular ellipticity. The cooperative co-assembly between
tetraleucine with tartaric acid gives rise to twisted ribbons where
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Figure 3. (a) Orthogonal Co-assembly of Fmoc-FF and Fmoc-S showing the effect in the fiber network to form gels of different stiffness (bottom). Reproduced
from ref.,®% Copyright (2016), with permission from Elsevier. (b) Random co-assembly of a PA and a functionalized PA with different epitope spacers (Gn PA)
showing its effect in the presentation of the epitopes on the fiber surface. Reproduced from ref.,[3% Copyright (2015), with permission from RSC. (c) Cyclic peptide
co-assembly with small molecule (hetero-co-assembly). Reproduced from ref.,3® Copyright (2017), with permission from ACS. (d) Homo-co-assembly of
oppositely charged PAs (E2 and K2) and APAs (E2-TA and K2-TA) conductive version and the corresponding effect in the cell cultures. Reproduced from ref.,40!

Copyright (2016), with permission from ACS.

the chirality of the small monomer controls the overall ellipticity of
the nanostructures formed.?*! In addition to this, the ellipticity of
the co-assembled structure of a chiral peptide derivative with a
non-chiral bipyridine shift from left to right depending on the ration
of the non-chiral monomer(1:1 and 1:2, respectively, Figure
2¢).?81 Hetero-co-assemblies can also happen between small
peptides and big organic molecules. Yan and co-workers used
dilysine to induce order in porphyrins cooperative co-assembly
that tuned the electronic properties of the macrocycle.?!

The hetero-co-assembly of peptide derivatives with small
molecules can carry out important structural transformations and
even allow reaching high order organization. Zhao et al. co-
assembled APAs with the hydrogen bonding melamime and
showed that depending on the amino acid geometry, this could
cause the thickening or thinning of the one-dimensional
nanostructures.?® Mata et al. used crosslinking between fibers to
tune the dimensionality of the nanostructures. They used a strong
hydrogen bonding molecule to interact with hydrogen bonding
groups on PA nanofibers surfaces to favor interfiber interactions
leading to bundling and gelation.?”! They used a different

approach by introducing host or guest moieties on the surface of
the fibers. The modified fibers crosslinked upon the formation of
host-guest complexes inducing fiber bundling and gelation, where
the mechanical properties are a function of the ratio of
functionalized monomers in the fibers.?8 The crosslinking using
fibers functionalized with complementary interactions has also
been carried out with DNA strands and charged peptide
sequences (Figure 2d).2% While these systems are based in PA
homo-co-assemblies, given the different nature of the crosslinking
interactions, once the hierarchical architecture is formed, they can
be considered hetero-co-assemblies. Interestingly, these works
modifying the hierarchical structure and fiber bundling have
focused in improving the material properties for cell culture
applications and have revealed the importance of mechanical
properties for these applications.
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Figure 4. (a) Effect of donor addition to a enzymatically driven assembly of an acceptor APA (NDI-YL-NH2). Reproduced from ref.,*2 (b) Charge transfer
differences in orthogonal and random co-assemblies of OPV3 and OT4-NDI. Reproduced from ref.,*¥l Copyright (2017), with permission from ACS. (c) Oligomer
growth from the functional co-assembly of PA and PA-Init gives rise to the co-functional orthogonal co-assembly of PA with PA-Oligomers. The resulting material
is an actuator that contracts upon heating. Reproduced from ref.,[*)l Copyright (2018), with permission from Springer Nature. (d) Orthogonal co-assemblies to

carry out tandem catalytic reactions. Reproduced from ref.,*®! Copyright (2016), with permission from RSC.

2.2 Functional Peptide-based Co-assemblies

Unlike the examples of the previous section, functional co-
assemblies do not aim to induce changes in the structure but to
add functional groups to a given scaffold, which acts as a
structural part. Ulijn et al. orthogonally co-assembled Fmoc-FF-
OH fibers with Fmoc-S-OH, a surfactant that on its own forms
micelles, to increase the number of charges on the surface of the
nanostructures (Figure 3a).B% The highly charged surface of this
core-shell homo-co-assembly facilitated the crosslinking between
fibers upon the addition of calcium, driving the formation of
hydrogels. Variations in the concentration of the 1:1 co-assembly

could be used to adjust the stiffness of the material for its use in
the differentiation of stem cells into different types of tissues. They
followed a similar approach for the functionalization of Fmoc-FF-
OH fibers with RGD. They orthogonally co-assembled the non-
self-assembling Fmoc-RGD-OH on the surface of the fibers.FY In
this way, they combine the advantages of the 3D scaffold for cell
culture with the cell signaling of the RGD group to activate integrin

a5p1.
The Stupp group has developed a wide range of PA co-
assemblies for multiple nanomedical applications. The

robustness and well-defined orientation of the monomers in the
supramolecular fibers, perpendicular to the axis, allows them to
expose functional groups of a great variety of hydrophobicities

This article is protected by copyright. All rights reserved.
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effectively. The functionalized PA keeps the structural part and
attaches the active sequence in the charged exposed terminus.
The inclusion of the structural sequence in the active monomers
facilitates their incorporation into the nanostructures in a random
way that can get disruptive at high percentages of the active
monomer if the epitope has a destabilizing effect in the
structure.? This type of homo-co-assemblies has been used to
incorporate active sequences to target proteins for neuronal cell
maturation,®>31  bone  generation,*4, and  cartilage
regeneration.®® They have used peptide sequences as well as
functionalized monosaccharides.*33 They found that the
functional sequences were more active when co-assembled into
the nanostructures than on their free states, supporting the use of
the nanofibers scaffold.*? The ratio of functionalized PA in the co-
assembly and the linker length between the active group and the
structural part of the functional monomer is critical for their
bioactivity (Figure 3b).[3 36l

Stupp et al. also exploited the epitope-protein recognition to target
atherosclerotic plaque for drug delivery.®7 This system added the
hetero-co-assembly of a hydrophobic drug in the aliphatic core of
the PA fibers to the homo-co-assembly between structural and
functional PAs. The functional epitope targets the plaque
concentrating the fibers containing the drug around the
atherosclerotic plaque, where it needs to be delivered.?” Amyloid-
like supramolecular assemblies have also been used to
incorporate drugs on the hydrophobic space between B-sheets. 38
Granja et al. used a similar hetero-co-assembly approach to
incorporate drugs in the inner space of cyclic peptide
nanostructures.® Cyclic peptides allow for the design of specific
interactions with the drug, making a cooperative co-assembly with
the drug (Figure 3c), which is more specific than the previous
examples.

Guler at al. showed how the functionalization of the aliphatic
region of PAs with tetraaniline could make the hydrophobic core
conductive favoring neurite outgrowth in neural differentiation
from stem cells. This is the homo-co-assembly between
oppositely charged peptides to strengthen the structure, but as
both are functionalized, this system is not strictly what we called
a functional co-assembly (Figure 3d).1%

In summary, the functional co-assemblies are based on the
addition of functionalized molecules into assemblies with
minimum effect on the structure. These are, hence, orthogonal or
random co-assemblies where the structural monomers act as
scaffold templating the functional ones. However, drug delivery
where the drug can be included in the hydrophobic core of
nanostructures or incorporated into the structure can be
cooperative. In general, the research on these materials aims to
develop robust structural monomers that can be functionalized
without affecting the structural part so they can be used as
versatile scaffolds for multiple applications where only the
functional groups differ.

2.3 Co-Functional Peptide-based Co-
assemblies

In co-functional co-assemblies, the monomers do not have clear
different roles; both contribute to the functionality and the
structure of the system. This can be either because the function
is the result of direct interaction between both monomers or
because both contribute separately to the material functionality.
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APAs can hetero-co-assemble with other aromatic groups
(peptide-based or not) to form charge-transfer complexes.*Y The
donor-acceptor interactions  strengthen the  Tr-stacking
contributing to the APA assembly stability, and hence, these are
often cooperative co-assemblies. Ulijn et al. investigated the
effect of this interaction in the self- assembly tendency of
Naphthalenediimide (NDI) functionalized dipeptide using
enzymatically controlled self-assembly by comparing the yields in
the condensation reaction of the dipeptide upon the addition of
different donor molecules. They observed the increment in the
condensation yield to be proportional to the donor amount up to
1:1 (Figure 4a).*d They further exploited the charge-transfer
hetero-co-assemblies in dynamic combinatorial libraries to show
how the additional interaction increases the yield differences in
the competition experiment.“3l Tovar et al. developed a more
complex system co-assembling symmetric APAs. They combined
three different aromatic groups by including in one of the
monomers NDI and quaterthiophene, where the later one can act
as a donor with the former. The second monomer with oligo(p-
phenylenevinylene) could act as a donor to both aromatics in the
first monomer (Figure 4b). They can control the formation of
orthogonal (self-sorting) and random co-assemblies depending in
the acidification process and studied that charge transfer between
the monomers was more effective in the random co-assemblies
(than in the orthogonal), due the closer proximity of the aromatic
groups.[*

The structural interplay between different peptide sequences
forming B-sheet secondary structures has been exploited by Otto
et al. to favor diversification in their peptide-based macrocycle
replicators. They used random and orthogonal homo-co-
assemblies to give rise to the selection of new replicators, not
selected in the mono-assemblies.*S! The orthogonal co-assembly
driven selection was carried out by adding preformed seeds of a
first monomer assembly to a solution with the second
monomer. 450!

Catalytic co-assemblies where the final material function is the
result of two distinct monomers have also been developed.
Escuder et al. developed hydrogels able to carry out tandem
reactions by orthogonally assembled peptide-derivatives where
each assembly carried out a separate reaction on the same
substrate (Figure 4d).[*8! They showed how the cooperative co-
assembled systems could not complete the tandem reactions. In
a different work, they were able to catalyze the formation of a
second assembly using catalytic supramolecular
nanostructures.“’l Cooperative catalytic systems have also been
developed where the catalysis is carried out from two functional
groups in different monomers.®8l

Stupp and co-workers developed a different type of co-functional
hetero-co-assembly. They grew oligo ethylene glycol, which
contracts upon heating, from aligned PA nanofibers using a PA
functionalized with an initiator (Figure 4c). In this way, oligomer
actuation was directed perpendicular to the aligned fibers,
building a hydrogel-based artificial muscle triggered with
temperature.[*9]

Overall, these systems are more difficult to design because the
interplay between the different monomers must be well
understood as it is critical to the functionality of the material. This
can be either a strong interplay for cooperative systems or
minimum interplay for those systems based in additive functions
from orthogonally assembled functional monomers. In addition to
this, they must be redesigned for every different function, unlike
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which used in ref. (61

the functional assemblies in the previous section, which can be
applied for multiple functions with minimum modifications.
However, this is the best approach to give rise to systems that
mimic the complexity of natural systems.

3 Non-peptide Co-assemblies

Non-peptide co-assemblies have been examined up to now in a
different way, following the classification by Meijer et al., who
described them mostly as polymers giving five different groups of
co-assemblies. In such a way, they described that the formation
of the structures requires the generation of a nucleus to initiate
the cooperative formation of the supramolecular copolymer. The
nucleus and the external factors such as impurities, solvent,
temperature, dictate the average molecular weight and
microstructure. The composition of these polymers is of utmost
importance because it can affect the stability and the dynamicity.
The five different categories that are described in this work are
the following: Block, Blocky, Periodic, Statistical, and Alternating.
An additional point for the non-peptide co-assemblies is the
difficulty of the structural characterization. During the last years,
different techniques appeared, some of them will be mentioned
herein, to give a more accurate characterization of the co-
assemblies. However, we suggest here the homogenization of
nomenclature for the co-assemblies formed from peptide and
non-peptide monomers, framing some literature examples. Thus,
in this part, we have three subparts based on the aforementioned
different categories of co-assemblies: Structural, Functional, and
Co-functional. In most cases, the concept for the formation of co-
assemblies based on the use of hydrogen bonds and -1
stacking at the same time. The combination of such interactions
is responsible for the formation of the nucleus (mainly hydrogen
bonding) and the microstructures (T7-17 interactions) yielding in a
variety of supramolecular architectures.

3.1 Structural non-Peptide based co-
assemblies

Hetero and Homo-Co-assemblies of non-peptide building blocks
have been presented in different examples dealing with the
stability and the differentiation in the structures. One of the first
works that appeared in this field was from Lehn in 1990 involving
diaminopyridine with uracil or tartaric acid giving columnar triple
helical superstructures.®Y This example can be considered as a
heterogeneous co-assembly and leaded the way for the
preparation of co-assemblies using non-peptide small organic
molecules. However, the pioneering work of Isaacs established
the field of small-size finite co-assemblies.? In this work, the self-
sorting materials are based mainly on hydrogen bonding
recognition sequences. On the other hand, up to date, only a few
examples of different small organic molecules forming infinite self-
assemble units have appeared in the literature.

A work from Li et al. reports the hierarchical interactions and gives
us an example of heterogeneous co-assembly between zinc
porphyrins and a C3-symmetric chiral hexadentate molecule
forming columnar structures (Figure 5a).5%! It is essential to
mention that in this example, the starting dynamically controlled
self-sorted  structures of the porphyrin converted to
thermodynamically controlled co-assemblies through time.

Meijer group, besides the model and the insights in the
classification of the co-assemblies, have presented different
examples of structural co-assemblies. The mixing of C3-organic
molecules yielding in heterogeneous copolymers either by cooling
or heating procedures, based on the balance between favorable
hydrogen-bonding and the mismatch penalty between the two
monomers (Figure 5d).5¥ In such a way, it is presented that the
block length distribution is closely related to the enthalpy of
counteraction of the different monomers with respect to the
enthalpy of the related homo-interaction. An additional point of
this work is the use of super-resolution microscopy technique for
visualizing the formed architectures. Further examples were
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presented from monomers that have different supramolecular
units or different cores.5 The same group showed examples of
dyads of C3 monomers and a co-assembly of a chiral benzene
tricarboxamide with achiral benzene trisurea that gives a
kinetically trapped copolymer that can evolve into self-sorted
homopolymers during the time. This work presented different
characterization techniques, such as Small-Angle Neutron
Scattering (SANS), Infrared Spectroscopy, Circular dichroism, in
a way to get a “closer” insights in the formed structures. On the
other hand, a simple change of the core of the benzene
tricarboxamides allowed them to form stable copolymers.B8 A
very interesting example of structural co-assemblies reported
from the Meijer group and discussed the hetero-co-assembly in
two steps. Firstly, the use of a chiral oligo(p-vinylene phenylene)s
(OPV) for the formation of supramolecular structures of specific
chirality. At the second step, chiral dibenzoyl tartaric acid was
added, and upon the addition at a second step, the other
monomer yielding in different thermodynamic preference of the
assembly process of the OPV. In such a way can be formed only
metastable assemblies. 571

For the structural co-assemblies, the scientist did not use any
bulky group, believing that this will prevent co-assembly. However,
an interesting example from the Meijer group present that the use
of a bulk side chain, which does not allow the self-sorted
supramolecular polymer, can give copolymers after being mixed
with a different monomer.8 The ratio of the monomers is
responsible for the formation of these heterogeneous co-
assemblies, providing the appropriate space between the bulky
monomers.

A molecule’s family, which appears very often in either homo and
hetero co-assemblies is the rylene (Figure 5d). The group of
Wirthner keeps a central role in the scientific scene dealing with
such molecules and with co-assemblies of such ones. Several
examples of hetero-co-assemblies are described. In most of the
cases, one of the two molecules is a rylene chromophore. In the
first example, a perylene bisimide is mixed with melamine linked
azobenzene. The ratio between the two molecules is responsible
for changes in the types of interactions, hydrogen bonds, and -
stacking, yielding in thermodynamically stable helically-coiled
architectures.® In a similar system, same perylene bisimide is

mixed with a diarylethene derivative, and through hydrogen-
bonding and strong Tr-17 interactions forms parallel conformers. 50
These nanosystems, due to their photoresponsiveness, undergo
nanomorphology transition of the formed J-type of dimers. Upon
irradiation, the nanofibers turn into nanoparticles. A very
interesting example of structural co-assembly from this group is
the use of a bay unsubstituted perylene bisimide with a
tetrasubstituted one (Figure 5d).5Y The unsubstituted perylene
bisimides in most of the cases form nanorods while this
tetrasubstituted one gives nanoworms (depending on the
bulkiness of the bay substituents). The mix of these two
monomers gives kinetically controlled co-assemblies that can be
segregated with time in organic solvents. This segregation of the
supramolecular polymers can be prevented by inducing the 1r-1m
interactions when water is used as solvent. Furthermore, in this
work, they introduce the use of ROESY NMR as a
characterization technique for the co-assemblies. (Figure 5c)

An additional characteristic example of homo-co-assemblies
between perylene-cored molecules is given from Li’s group where
monosubstituted perylene molecules, having complementary
hydrogen bonding sites, form different assembled structures
depending on the solvent (mixtures of MeOH and THF).[*? This is
a distinctive example of how to change the kinetically formed
assemblies by tuning the strength of the hydrogen bonding with a
mixture of polar/nonpolar solvents.

The effect of the solvent in the kinetically controlled or
thermodynamically controlled co-assemblies is of utmost
importance. Mainly water can act as a structural component that
unlocks impressive adhesive properties of supramolecular
polymers (between the monomers and between different
polymers). In addition, to the work of co-assemblies of the
perylene bisimides molecules, a representative example is
reported from the Schalley group, where they employed crown
ether functionalized benzene tricarboxamides.53 Additional
examples are again from the Meijer group, where they presented
the co-assemblies of benzene tricarboxamides trisubstituted with
different monosaccharides.®4 The different monomers, because
of their hydrophilicity, can be affected by the aqueous
environment and form different supramolecular structures. The
intramolecular interactions, mainly the peripheral
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monosaccharide moieties, are tuned from their
hydrophobic/hydrophilic character, yielding in the formation of
hydrogels. An additional example comes from the group of
Sijbesma, where the use of chiral trans-bisureido bolaamphiphiles
in water yield the formation of segregated enantiomeric dynamic
rods. %!

The last example in this category of co-assemblies that evidence
the importance of the tunability of the supramolecular polymer is
coming from Aida’s group. They aim to examine the co-assembly
of a molecule that forms disks and one that forms rods. In general,
such procedures yield to phase separation of the two molecules.
However, in the specific example, the polymerization of the disk-
shaped chiral monomer in nematic liquid crystals comprising rod-
shaped molecules vyields in order- increasing mesophase
transition into a single mesophase with a core-shell columnar
geometry. These systems can be affected and transformed upon
the application of an external electric field (Figure 5b).1%!

Living supramolecular polymerization is still a very demanding
procedure, but there are only a few examples in the literature.
Here, we would like to insert an instance from the Wurthner group,
where they used properly designed perylene bisimides, which
under kinetic control form supramolecular block copolymers. 7]
The substitution of such molecules at 1,7 bay positions (Figure
5d) with different moieties can tune the formed aggregates
between H and J, based on the kinetically trapped states. The use
of another perylene bisimide molecule seeds leads to the
formation of the required block copolymers. This is a work that
paved the road for living supramolecular polymerization and that
the careful kinetic control of different building blocks can yield in
different co-assemblies.

Most of the aforementioned examples are based on the aromatic
/hydrophobic interactions between the building blocks. Several
examples that form co-assemblies are based on complementary
hydrogen bonds. The interesting point with the complementary
hydrogen bonding polymerization is that they often form chiral
supramolecular polymers. We just mention here some examples
to present hydrogen-bonding based co-assemblies; however, it
has been discussed in more detail in a recent review.®¥ Lehn
presented one of the first examples using complementary
hydrogen bonding. The two chiral monomers form a
supramolecular polymer with optical activity.®8! All these
examples give us directions on how to prepare supramolecular
co-assemblies, focusing on how the kinetic and the
thermodynamic control of the supramolecular interactions
between the monomers can affect the type of the formed
structures and their stability. The most important factors for such
control of the adhesive interactions are the differentiation of the
hydrophobic and/or hydrophilic character, the used solvents and
the externally applied energy, such as heating and electric field.
These examples provide an overview of how they can be built co-
assemblies with advanced properties. The next point is to see not
only if we can tune the structures, but it can introduce a functional
part that can provide the functionality to the systems.

3.2 Functional non-Peptide based co-
assemblies

Examples of the formation of Functional co-assemblies are based
on the use of molecules that interact through hydrogen bonding
and Tr-stacking at the same time. The combination of these two
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types of interactions forms functional supramolecular polymers
(enhanced emission, organization of polymers in solar cells, etc.)
A very characteristic molecular example for the preparation of
functional co-assemblies is the melamine and its analogues.
Based on the first work from Ringsdorf et al. yields in the formation
of non-homo-co-assemblies ones. 9 In such co-assemblies, can
be used different groups that can be attached to the melamine
moiety and through hydrogen bonding can form dyads (hydrogen
bonding donor-acceptor). This dyad is now the new building block
for the supramolecular polymers using the interactions of the
whole dyad for the preparation of the architecture. Examples in
the category of functional co-assemblies are reported in the
literature yielding in the formation of dyads based on the hydrogen
bonds of melamine and then the use of -1 interactions in a
second step the formation of supramolecular polymers. A
characteristic example is the interaction of a perylene bisimide
with substituted melamine in equimolar ratio yield in the formation
of hetero-assemblies based supramolecular fibers.[

Additional examples were given from the Meijer group on the use
of melamine as one part of co-assemblies. The first example is
the use of oligo(p-vinylene phenylene)s (OPVs) bearing ureido-
pyrimidinone and diisocytosine derivative, forming non-homo-co-
assembled polymers. These materials present photoinduced
charged -separated states, something that does not take place in
the monomers.™ Another characteristic example was given by
Qu et al. with the use of two different perylene bisimides
analogues and a tris-triazine analogue (Figure 6a).'4 The
heterogeneous polymers formed either nanospheres (when is
used monotopic PBI) or hyperbranched polymers, which at higher
concentrations form nanobelts (ditopic PBI). Both structures
present very strong emission, which is not present in the starting
PBI analogues. An additional example of the use of PBI
analogues with melamine for the preparation of functional co-
assemblies is reported in a focused review from Yagai.[® In these
examples, the synthesized co-assemblies present, in the most of
the cases, enhanced emission, which is based on the orientation
of the 1-stacking between the perylene cores from the hydrogen
bonding of the imide part of PBI and the melamines and changes
between H- and J aggregates.

A very interesting category of the functional co-assemblies is the
formation of gels with the use of two different components, where
one component can yield into the supramolecular structure, and
the second plays the interconnection role. In most of the cases,
the interconnection molecule or the “glue” for the formation of gels
is the melamine and its analogues. Nandi et al. present a gel
which is formed with the use of riboflavin and melamine in ratio 3
to 1. These heterogeneous co-assembled gels are affected by
the environmental pH and present high photoluminescence
(Figure 6¢). The same group expands the examples with the use
of salicylic acid,™™  dihydroxybenzoic  acid®, and
acetoguanamine with riboflavin.[’”1 These co-assemblies differ in
the structural formation from bar, tape, and helical tubes and, as
a consequence, in the mechanical properties. All these works
mention the importance of the choice of the gelator molecule that
is used with riboflavin in optoelectronic properties (for example,
acetoguanamine with riboflavin present stronger gel with higher
shielding of protons and enhanced photoluminescence). Another
example has been reported from Shimizu et al. using a
nucleotide-appended OPV and its complementary single-
stranded 20-meric oligodeoxyadenylic acid in a hetero-co-
assembly that double helical structure.l® This work presents a
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very characteristic example of how a supramolecular structure
can work as a template and then, by the addition of an active
molecule (such the OPV here), can lead to useful co-assemblies
(herein electronic wires (Figure 6b).

There are additional examples of hetero-co-assemblies, which
form strong or less strong gels based on the mixing of one
structural and one active molecule. Almost all the examples that
we referred here deal with hetero-co-assemblies, which in most
of the cases combine hydrogen bonding and T-1r interactions.
The additional point is that most pairs deal with hydrogen donor-
acceptor dyads, and most of the reports focus on the properties
and not on the effects of the structure and how the structure can
be connected with the applications. In this direction, there is still a
lot of room for understanding this type of co-assemblies. For
example, the mixing of new monomers, the examination of the
structural effect on the properties, and with insights into different
directions like applications in bioelectronics and catalysis. This
can work as an initial point for the preparation of Functional co-
assemblies based on well-known scaffolds, from monomers that
can form stable supramolecular polymers, and varying only the
functional part of the co-assemblies depending on the application.
As for the functional peptide-based co-assemblies.

3.3 Co-Functional non-Peptide based co-
assemblies

Co- functional co-assemblies aim to induce changes in the
structure from the mixing of at least two functional groups, in
which each part plays an essential role in terms of properties (i.e.,
donor-acceptor) and at the same time cooperate in the formation
of supramolecular polymers.! An additional fact that we realized
by scanning the literature is that much previous work on co-
functional -co-assemblies has focused on the properties of these
systems. Because this study conducted in order to deal with the
structural properties of co-assemblies and how these can affect
the properties, we mention only such examples. ,

Based on the number of works that appeared in the literature, we
are going to mention at the beginning of this part some donor-

acceptor examples. Different mixing examples of donor(D)-
acceptor(A) co-assemblies have been reported, i.e., DAD, ADA,
DADA, or ADADA. In most of these cases, an aromatic-charge
transfer takes place, which guides the interactions between the
monomers and competing with the T1-1r interactions.®®! One of the
first and most important examples for the formation of functional
co-assemblies came from MacKenzie, where the use of a
perylene bisimide and a hexabenzocoronene form hetero-co-
assemblies and yield in the formation of crystalline and crystalline-
conjugated materials.’® The materials are segregated in vertical
structures, probably due to different solubilities, surface energies,
and the solvent evaporation processes. One of the characteristic
examples of co-functional co-assembly is coming from Schenning
et al., where the mixing of two different fluorene oligomers with
naphthalene and with benzothiadiazole, gives supramolecular
fluorescent organic nanoparticles and homo- co-assemblies.% In
these systems, 1-stacking is the driving force for the interactions
between the molecules, but the side chains are responsible for
the stability, fluorescent dynamics, and, most importantly, for the
self-sorting between the two monomers.

An example of co-functional co-assemblies is given from Martin’s
group, where n-type (tetrathiafulvalene) and p-type molecules
(perylene bisimide) are used in a mixture for the formation of
segregated and alternately stacked donor-acceptor nanodomains
which present enhanced photoconductivity.®Y The formation of
such nanostructures based on the aromatic interactions between
the two molecules but controlled from the electrostatic
interactions. A similar example of a donor-acceptor mixture
describes the use of C3-symmetrical donor yielding in the
formation of super-coiled helical ropes.!®? The interesting point
with this example is that the two monomers polymerize following
different paths (C3-oligo(p-phenylenevinylene  polymerize
through an isodesmic mechanism while the C3-PBI with
nucleation-elongation mechanism). So again, here we have the
involvement of two different types of interactions that affect the
final structures (hydrogen bonding and -1 interactions)—these
supramolecular structures used as sensors for the detection of
aromatic compounds.
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An additional example from Ajayaghosh presents the design of a
homo co-assembly with the ability to harvest light and have
tunable emission.!® This donor-acceptor system is based on the
rational choice of motifs by having the appropriate HOMO-LUMO
gaps and the donor to exhibit efficient antenna effects.
Additionally, the donor plays the role of the gelator yielding in
FRET tunable emission. A similar system is reported from
Bhattacharya, where they used similar monomers, and the
formed gels have a wide-range light-harvesting ability.®4

A distinctive example of hetero co-assembly, which gives a
photoconductive material, is from the Zang group, where perylene
bisimides and substituted carbazoles from nanofibrils.® The
interfacial engineering of the electron donor (carbazole) with the
acceptor (perylene bisimide) is based on the hydrophobic
interactions of the long alkyl chains, forming these hetero-co-
assemblies with high photoconductivity and fast photo-response
(Figure 7a).

Several hetero-co-assemblies examples are based on the work
from Fukuzumi, where perylene bisimides and different other
chromophores, such as porphyrins, are used in an aqueous
environment based on the balance between hydrophobic (T7-1
interactions) and the hydrophilic (ionic) interactions, tuned by the
ratio of the molecules.® These co-assemblies were examined
mainly in terms of optical properties. Older work from Meijer
presented the use of a perylene bisimide which, through hydrogen
bonding, forms helical p-n heterojunctions with oligo(p-phenylene
vinylene)s (OPV).B71 Of utmost importance in these materials is
the conjugation length of the OPVs. while they open the field for
different types of organic/organic or/and organic /inorganic co-
assemblies for optoelectronic applications and catalysis. %8l

A further example is given from Aida’s group, where two different
substituted Hexa-peri-benzacoronene form a nanoscale organic
heterojunction.® This system prepared from the stepwise
nanotubular co-assembly (each of the monomers forms
nanotubular segments) through a heating-cooling procedure. The
disparate tubular structures presented electronic communication
over the heterojunction interface and exhibit excitation energy
transfer, and charge transport properties that are not present in
the monomers or the homotropically assembled nanotubes
(Figure 7b). An additional example comes from Stupp and
Stoddart, where they reported the crystalline co-assemblies of
two monomers, presenting room temperature ferroelectricity. !
These hetero-co-assemblies polymerize in an alternating way
between the donor-acceptor monomers.

In addition to the donor-acceptor co-functional assemblies, in the
literature, there are examples of light-harvesting materials with
complementary light absorption. These co-assemblies have the
ability to absorb light in a broader range and can be useful for
artificial photosynthesis, mimicking the natural photosystems.
Once more, the co-assembly is formed from perylene cored
molecules.®™ These have different moieties at the bay position,
which tune the optical properties. The specific mixture in ratio
10/3/3/3 of four different monomers gives a material that can
harvest light in the whole visible range of light.

Yan gives one of the few examples that combine two organic
molecules with being used in catalysis, imitating enzymes.[?
Obtained nanovesicles from phthalocyanine and aromatic amino
acid can mimic photooxidase and having tunable patrticle size and
membrane thickness (Figure 7c). This is one of the most
interesting approaches to the evolution of supramolecular
photocatalytic membrane systems.
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Another interesting approach to such co-assemblies is the
preparation of fluorescent pH sensors from Wirthner.°3! Perylene
bisimides vesicles loaded with bispyrene-based energy donors in
an aqueous environment, stabilized with in situ
photopolymerization, presenting pH-dependent fluorescence
resonance energy transfer from the encapsulated donors to the
bilayer dye membrane. These co-assembled vesicles show
ultrasensitive pH information of their environment. This is an
indicative example where the pure perylene bisimide vesicles do
not present such behavior in aqueous solution.

Co-Functional co-assemblies is the most studied part based
mainly on donor-acceptor systems. Such systems-based mainly
on T-T interactions and form in most of the cases 1D
supramolecular structures. However, there is still plenty of space
in the direction of co-assemblies for catalysis or biological
application with the use of the appropriate monomers. In all these
cases, the interplay between the different parts of the co-
assemblies must be well examined, as it is crucial to the
functionality of the material.

5 Outlook and Future Directions

In this minireview, we have given an overview of the efforts made
through the last 30 years to develop the field of supramolecular
co-assemblies, focusing on peptide and non-peptide based low
molecular weight molecules. The summarized work shows how
the co-assembly between different building blocks is a simple way
of synthesizing complex supramolecular systems with new
properties and functions which are far beyond those achievable
by the self-assembly of single monomers. Through these years,
the development has focused on the development of monomers
with the appropriate hydrophobic/hydrophilic balance. In addition
to this, advances have been made in controlling the interactions
between monomers to favor interactions between either equal or
different monomers, to give rise to orthogonal (self-sorted) or
cooperative co-assemblies, respectively. The structural control is
not exclusively thermodynamic; kinetics has been shown to be
key to tune the type of co-assembly.

The work presented here shows how the exact interplay between
monomers is vital to understand their contribution (structural,
functional, or both) to the co-assembled structure. Therefore, we
believe that efforts should focus in this direction to provide
detailed structural information of the systems, paying particular
attention to how specific interactions affect the properties of the
co-assemblies. Given the technological advances that
continuously arise to study the nanoscale, we understand that this
will require revisiting some of the known systems to gain deeper
insights. This is especially challenging for peptide-based
assemblies given their chemical similarities, while different
aromatic groups usually help in studying the interactions. The
control of co-assembly will require tuning chemical systems to
introduce specific interactions between the monomers to control
the relative A-B and A-A/B-B affinities, key in determining their
interplay. In addition to this, the development of models to define
these interplays to rationalize and predict the mechanism of co-
assemblies is a need for the applicability of nanotechnology-
based in co-assemblies.

Therefore, the deep understanding of the systems and the role of
each monomer are prerequisites to exploit the potential of
supramolecular co-assembly, which the authors believe is a
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promising tool to build up complexity towards creating synthetic
systems that mimic the behavior of natural systems. The
combination of functionalities in a given material where these
operate cooperatively is definitely the future of both bioactive and
energy-related assemblies. In addition to this, it is critical for the
next step in the field to deal with the dynamicity of the
supramolecular polymers and the dynamic behavior of the non-
covalent nature of the formed bonds. In this direction also the
characterization procedure must be evolved because this
dynamism can be a critical factor for the applications.
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This Minireview focused on the supramolecular co-assemblies of small organic molecules. Specific examples of peptide and non-
peptide building blocks are highlighted in a way to understand the interactions of the building blocks and how these can be utilized in

different applications.
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