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One-dimensional (1D) nanostructures by self-assembly

1. One-dimensional (1D) nanostructures by self-assembly

Parts of this chapter have been published in P1) F. V. Gruschwitz, T. Klein, S. Catrouillet, J. C.
Brendel, Chem.Comm. 2020, 56, 5079-5110.

In natural systems such as proteins or membranes, hierarchical structuring is a key factor for
functional structures. Inspired by the elongated shape of actin filaments or microtubules of the
cytoskeleton,!'3! chemists try to transfer these concepts to synthetic materials.[* Utilizing
supramolecular chemistry,®! the design of molecules featuring intrinsic self-assembly
properties into 1D aggregates, resembling the cylindrical structures from nature, is feasible.!*”!
The synthesis of cylindrical aggregates from low molar mass compounds employing hydrogen
bonds!®! or m-interactions!® has already been widely investigated (Figure 1 right).['”! By
controlled polymerization methods, anisotropic structures with narrow size distributions are
accessible.'!! In contrast to covalently linked materials,''*'* here, dynamic processes are
facilitated"!” 15181 which renders these anisotropic particles suitable for a range of applications,

19221 organic electronics,*% and nanomedicine.!*"! The possible

for instance in rheology,!
degradation due to supramolecular erosion and thus renal clearance, is beneficial to circumvent
accumulation in the body. Furthermore, the high surface area of the cylindrical aggregate,
combined with high modularity®®! and functional variety, improves the uptake of the particle

compared to spherical analogs.[?-3"!

However, matching the complexity found in natural assemblies remains a challenge considering
nature’s capability to organize large macromolecules and proteins into well-defined
nanostructures. One way to take this structuring as a blueprint, chemists have come up with the
concept of block copolymer self-assembly (Figure 1 left). Here large macromolecules
consisting of incompatible blocks (e.g. a solvophobic and a solvophilic block) tend to assemble
into different morphologies in solution. The solvophobic block minimizes its contact area with
the surrounding solvent and forms the energetically favored morphology of spheres, cylinders,
vesicles, or bilayers, depending on the volume fractions of the two blocks, the degree of
polymerization, and the interaction parameter specifying the (in-)compatibility of all
components (polymer blocks, solvents, and non-solvents) in the solution.*!! At certain
conditions e.g. a packing parameter p of /3 < p < %2 cylindrical morphologies are favored.
However, the prediction of the morphology is quite often very difficult since various other
parameters (see above) can influence the structure formation and thus mixtures of different
morphologies can be observed.*?% Additionally, slow dynamics and the possibility of

kinetical trapping complicate the prediction of the resulting morphologies.*”! Nevertheless, the
9



One-dimensional (1D) nanostructures by self-assembly

self-assembly of polymers for instance into worm-like micelles results in interesting rheology
and improved processability of the materials.*®*"! This renders the resulting cylindrical

polymer micelles additionally suitable for application in electronics or nanomedicine.[%-4!

Block copolymer Supramolecular
p
self-assembly self-assembly
L
/'N\ H
|
N
el )
amé : ;
4ckind po’ 212 ) Defined by Directed supramolecular 0
Py = composition interactions H

Directed
supramolecular
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Figure 1 Schematic representation of different methods to form cylindrical (polymer) aggregates by self-assembly
of block copolymers (left) or and supramolecular polymerization of low molar mass compounds (right). By the
combination of supramolecular polymerization and polymeric self-assembly, a directed supramolecular polymer
assembly into supramolecular polymer bottlebrushes is possible (bottom).

By combining the self-assembly of copolymers based on solvophobic effects and the
supramolecular polymerization with its directed interactions, a versatile system is formed
yielding cylindrical assemblies of macromolecular building blocks (Figure 1 bottom). The
resulting columnar cylindrical aggregates with pendant polymer chains are termed

supramolecular polymer brushes (SPBs) in correspondence to their covalent analogs. Here, in

10



One-dimensional (1D) nanostructures by self-assembly

contrast to crystallization driven self-assembly (CDSA) which relies on the epitaxial
crystallization of one polymer block,*+*)! directed non-covalent interactions such as hydrogen
bonds or m-interactions of supramolecular building blocks, functionalized with polymer chains,
add an additional driving force to generate anisotropic structures.'®1%! The combination of these
self-assembly motifs with polymer chains increases the dynamics and thus paves the way to a
variety of responsive materials./***”! Furthermore, by combination of supramolecular building
blocks with polymers, modular systems with versatile functionalization are accessible.!'®]
However, so far, only an exclusive selection of structural motifs capable to self-assemble, are
reported to be suitable for the creation of supramolecular polymer bottlebrushes since it requires
stronger forces to overcome the additional steric demands of the attached polymer chains. In
chapters 1.1 and 1.2 a selection of these self-assembly motifs divided by the nature of their

directing interactions and their application in SPBs is presented.

1.1. SPBs resulting from n-m interactions of aromatic systems

Among the first materials used for the formation of supramolecular polymer bottlebrushes in
solution, planar unsaturated cyclophanes were of great interest due to their strong van der Waals
and 7- interaction.! 8% Oligo ethylene glycol substituted cyclophanes form large columnar
aggregates in solution due to the additional solvophobic effect.>!! Supramolecular polymer
bottlebrushes could be obtained by the attachment of polystyrene (PS) chains (degree of
polymerization (DP) = 25) to a phenylene-ethynylene macrocycle, forming a block-like
coil-(rigid) ring-coil polymer structure which resulted in the formation of hollow cylindrical

52531 Apart from these structures, also aromatic rod-coil

structures in cyclo-hexane (Figure 2A).!
amphiphiles are capable of assembling into supramolecular fibers in solutions via
- interaction.®#*%) Supramolecular polymer bottlebrushes from oligo phenylene-vinylene
blocks, for instance, could be synthesized in very dilute THF/water mixtures by combining
them with longer polyethylene oxide (PEO) (DP = 45) or poly(propylene oxide) (PPO) chains

(Figure 2C).157-58]

Another very prominent self-assembly motif of ridgid aromatics relying on n-n stacking are
rylene-type aromatic systems (Figure 2B). n-n interaction of the large aromatic systems, as in
perylenes, favor the stacking of single molecules in either J- or H-type aggregates.>%-0l
Utilizing hydrophilic substituents, it is possible to render these very hydrophobic systems

[61-62] Hereby, PEO-functionalized supramolecular perylene bisimide brushes

water-soluble.
(PDIs) have shown pathway-dependent self-assembly. Direct dissolution in water favored
slipped stacking of the aromatic cores (J-aggregation) in contrast to face-to-face stacking

11



One-dimensional (1D) nanostructures by self-assembly

(H-aggregation) when a gradual solvent-switch from THF to water was performed.!®* This
shows that the self-assembly can be strongly influenced by the solvent composition,
temperature, and chain length of the polymer.!®¥ Structural very similar naphthalene diimides
are also able to form SPBs with lengths of ~ 300 nm when they are equipped with additional

bisurea groups to compensate for the smaller aromatic system compared to PDIs.[]

T-Tt interactions

Figure 2 Self-assembly to supramolecular polymer bottlebrushes in water by n-n interactions of phenylene-
vinylene macrocycles (A) (adapted with permission from ref. ! Copyright (2010) American Chemical Society),
perylene dyes (B) (adapted with permission from ref. (¢3! Copyright (2014) John Wiley and Sons) and aromatic
rod-coil amphiphiles (C) (adapted with permission from ref. 7! Copyright (2000) American Chemical Society)

1.2. Structure formation by hydrogen-bonds

Slightly stronger and more directional interactions compared to m-m interactions are hydrogen
bonds.!*”! The most prominent example for these interactions which can also be found in nature
are peptides.!® Their ability to form directional hydrogen bonds, e.g in B-sheet structures,
makes them interesting candidates for the synthesis of polymeric supramolecular structures in
solution.[®7%) However, the self-assembly of small linear oligopeptides in solution to

cylindrical structures mostly requires additional interactions such as aromatic moieties at the

12



One-dimensional (1D) nanostructures by self-assembly

N-terminus to induce 1D aggregation.[®>- 71721 This restriction can be overcome by employing
peptide amphiphiles.”3! Due to additional aliphatic chains, the structures phase separate and
thus initiate fiber formation. By combination of the peptide amphiphiles with hydrophilic
macromolecules, the rather limited solubility of the aggregates, resulting from B-sheet
structures, can be circumvented (Figure 3A)."+78 With the development of new strategies in

solid-phase peptide synthesis "*%% a great variety of supramolecular polymer bottlebrush

q.181-88 o [81, 891

structures was obtaine 1 Some could even show their potential in nanomedicin

Further research on such systems revealed a very delicate interplay of the steric demand of the
hydrophilic polymer chains and the composition of the peptide motif.[** " For instance, it could
be shown that an increase in molar mass of the hydrophilic polymer resulted in a decreased

fiber size due to increased steric hindrance.®!!

Apart from linear peptides their cyclic analogous compromised of alternating D- and L-a-amino

5.9 Adopting a flat-ring

acids, possess the ability to self-assemble into hollow nanotube
conformation where all amide groups are oriented perpendicular to the ring plane, the cyclic
peptide ring can form strong intramolecular hydrogen bonds. The stacking of the cyclic peptides
on top of each other results in the formation of poorly soluble cyclic peptide nanotubes
(CPNT).P*%] Employing 4 to 12 amino acids, the tuning of the void volume inside the
nanotubes is possible and further substitution of adjacent amino side chains allows for a great
variety of functionalization possibilities without interfering with the stacking.!®®! This makes

97-99]

the CPNT applicable in fields of electronics,! or nanomedicine, where they are used as

membrane channels!!%192] or antiviral agents.['%) The limited solubility of CPNTSs can be

overcome with the linkage of a polymeric exterior to the cyclic peptide ring (Figure 3B).143: 104

197) The combination of cyclic octapeptides with polymer chains paved the way for additional
functionalization and stimuli-responsiveness.['%13] Their possible applications range from

[112-119]

drug delivery to their use as membrane channels. Since for an application in

nanomedicine a profound knowledge and control over the size of the structures is necessary,**
120 first studies to control the length of cyclic peptide polymer nanotubes (CPPNTs) by
variation of the size of the polymer exterior were conducted.!!! 1211221 [t could be shown, that
an increased number of polymer arms or bulkier polymers resulted in a reduction of the length,
due to the higher steric demand of the polymer exterior. Apart from the possibility of
functionalization due to the polymer chains, additionally, the CPPNTs exhibited increased
dynamics that can even be tuned by incorporation of further hydrophobic segments, kinetically

trapping the structures.[123-124]

13



One-dimensional (1D) nanostructures by self-assembly

The rather complicated and demanding synthesis of cyclic peptides is still a challenge. In
contrast to that, the straightforward synthesis and almost endless possibilities for
functionalization render 1,3,5-substituted benzenes perfectly suitable for the design of
supramolecular polymer brushes. By employing amide groups as hydrogen bonding units, and
thus the formation of intramolecular threefold hydrogen bonds between the centrosymmetric
molecules, helical structures can be synthesized.['>>'?°) Their applications range from
hydrogelators,?% 13! nucleation agents,!!3!"134 filtration material!'**! to the cellular delivery of
siRNA in nanomedicine.?*27- 13¢-137] Similar to the CPPNT a dynamic exchange of the building
blocks from different fibers for this system could be proven.['*313°) Nonetheless,
supramolecular polymer bottlebrushes employing benzene trisamides (BTAs) are difficult to
realize since the low number of possible hydrogen bonds of the amide groups does not account
for the steric demand of a polymeric exterior and thus results in the formation of mostly
spherical aggregates.['**-14!] Further work on the hurdles of anisotropic self-assembly, that have

to be overcome to yield SPBs by using amides are introduced in chapter 2.

If benzene amides are modified with additional peptide groups, this results in increased
interactions and thus the formation of stable supramolecular helical structures (Figure 3C).[4*
1451 With the use of Coulomb interactions of charged amino acid sequences, pH-responsive

structures could be obtained.[!46-147]

Employing a nonaphenylalanin peptide at the
1,3,5-positions of a benzene molecule, the fiber formation could even tolerate the addition of
dendritic oligo ethylene glycol side chains. Due to the size of the molecule, this can already be
regarded as a type of SPBs. Another example for SBPs based on benzene trispeptides is the
combination of this benzene trisnonaphenyl motif with polyglutamates. Nevertheless, to form
SPBs high concentrations and the addition of salt is necessary.!!"*1%] Further work on SPBs

derived from 1,3,5-substituted benzenes employing peptide groups is introduced in chapter 2.

14
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Figure 3 Self-assembly of linear peptides (A), cyclic peptides (B) and centrosymmetric benzene tricarboxamide
peptides (C) to supramolecular polymer bottlebrushes. Adapted with permission of ref.!3% Copyright (2018) Royal
Society of Chemistry and ref.'>1 Copyright (2013) American Chemical Society.

Situated in between the interaction strength of amides and peptides, ureas have already been
applied frequently in supramolecular chemistry.['>>154] The strong hydrogen bonds, due to
bidentate interactions of the two hydrogen donors (N-H-group) with their neighboring
molecules, makes them interesting candidates, for instance, in the use as (organo)gelators
(Figure 4A).128 144 134-157] Byrthermore, an intriguingly straightforward synthesis by adding
amines to isocyanates certainly paved the way for their frequent application in supramolecular
chemistry. Since an increase in interaction strength simultaneously enhances cooperativity and
promotes aggregation, it’s been proven that bis- or trisureas promote the growth of larger
structures. Therefore, often several connected urea groups are employed as a self-assembly
motif to build up SPBs. By combination of aliphatic!!31%1 or aromatic bisureas with
macromolecules, the directional interactions of the urea groups are already strong enough to
overcome the entropic penalty of the macromolecule and thus yield SPBs (Figure 4A).[161-164]
Increasing the number of urea groups by utilizing trisureas, even longer SPBs could be obtained,

using the same size of polymer exterior.[!®]
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Figure 4) Interactions between two bis-ureas and possible structures of rigid aromatic or flexible aliphatic linkers
(A). Schematic depiction of the self-assembly of PEOSU in water (cryoTEM of PEOSU at ¢ = 0.5 g L) (B).
adapted with permission from ref. (' Copyright (2019) John Wiley and Sons.

As already mentioned for CPPNTSs, the degree of polymerization of the polymer and thus steric
demand influences the size of the resulting SPBs.['®?] Apart from the size of the hydrophilic
exterior and the interaction strength of the self-assembly unit, the length of hydrophobic
segments separating the hydrogen-bonding unit from the polymer and shielding it if an aqueous
environment is considered is crucial.l!®®! Variations of polymer length and the distance of the
polymer arms to an aromatic trisurea motif lead to the observation that longer alkyl chains in
combination with polystyrene (DP = 10) resulted in the formation of longer fibers in toluene,
whereas higher DPs of the polymer chains (DP = 30) formed solely spherical aggregates.[!”]
The necessity for shielding can only be circumvented by increasing the number of hydrogen
bonding units. SPBs in water without alkyl spacer could, for instance, be obtained by employing
5 consecutive urea groups separated by aromatic moieties connected to a PEO chain (DP=50)
(Figure 4B).l'1 The straightforward synthesis, great possibilities for functionalization, and
high interactions-strength render urea-derived SPBs, apart from other prominent self-assembly
motifs, for instance, ureidopyrimidinones, potential candidates for eg. application in hydrogels.
[168-170) The application of SPBs derived from 1,3,5-trisurea benzenes in hydrogels will be

highlighted in chapter 4.

1.3. Applications of SPBs

Apart from that, several already mentioned advantages of SPBs over their covalent analogs,
render SPBs very interesting for a plethora of applications. One of their advantages, namely
their modularity, enables SPBs to be applicable as biofunctionalities in nanomedicine (e.g.
targeting agents, sensors, etc.). By simple mixing of differently functionalized unimers in the
desired molar ratio supramolecular polymers with synergistic effects are obtained, which could
g 77, 136, 171-172]

already be proven for non-polymeric supramolecular building block

Additionally, the higher surface area of cylindrical morphologies increases the possible
16
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interaction sites for specific groups and thus increases the uptake of the particles.!!’>-175] Apart
from that, the dynamics arising from their unique backbone, the potential stimuli-
responsiveness, and the plethora of functionalities lay the foundation for their use in

176]

nanoarchitectonics!!7® as smart actuators!!’”! or electronics.!!”®!

For most of the applications, defined sizes and low dispersity are desirable. Nevertheless,
control over the size distributions of supramolecular polymers is still a milestone to be reached.
Taking nature as a blueprint,! first works on chain-growth supramolecular polymerization
have been conducted.'!!7"] Either self-assembly pathway complexities can be exploited to gain
kinetic control over the polymerization,'8%-181] or meta-stable unimers that have to be activated
by supramolecular initiators!'®?! can be used to yield defined assemblies with low dispersity.
Another way to control supramolecular polymerization is by addition of small seeds to induce
the polymerization.''®3-187! Due to the intrinsic dynamics of SPBs, gaining kinetic control is
challenging and thus a living growth as observed for non-polymeric supramolecular molecules

s.1123-124] First insights into the kinetics of the self-

will perhaps be beyond reach for these system
assembly of SPBs and approaches to tune the length of the aggregates with simple methods are

presented in chapter 3.

1.4. Motivation

The structuring of macromolecules employing supramolecular polymerization results in
interesting dynamics, a high modularity, and defined morphologies. Supramolecular polymer
bottlebrushes may feature several advantages over supramolecular polymers from small
molecules or structures obtained from block-copolymer self-assembly in diverse fields of
application, for instance, in nanomedicine, electronics, and rheology. However, a fundamental
understanding of prerequisites for the formation of 1D structures in water from macromolecular
building blocks is necessary. Furthermore, a knowledge of size, size distributions, and
interaction of the fibers is beneficial for the application-oriented design of supramolecular

polymer bottlebrushes.

In this work, a 1,3,5-substituted benzene with hydrogen bonding groups (e.g. amides) was
chosen as a starting point for the design of a central structural motif to direct the self-assembly
of macromolecules (Figure 5). This centrosymmetric motif'is utilized to guide the self-assembly
of polymers into cylindrical aggregates with a brush-like structure in aqueous solution.

1-dimensional growth is induced by threefold intermolecular hydrogen bonding between the

17
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functionalized benzene molecules and a 1-dimensional stacking of the latter into columnar

helical assemblies.
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Figure 5 Structural parameters of the benzene self-assembly motif to influence the formation of SPBs in water.

Based on the benzene motif, the prerequisites for 1D self-assembly of macromolecules to form
SPBs in solution are evaluated. Here, it has to be assessed whether the packing parameter,
similar to the self-assembly of block-copolymers, or the aggregation by the hydrogen bonds is
the main driving force for aggregation. Therefore, the influence of the hydrophobic to
hydrophilic ratio of the functionalized macromolecule on the resulting structure formation will
be evaluated. To do so, alkyl spacers of different lengths are investigated to shield the hydrogen
bonding units from surrounding water molecules which would disrupt the structure formation.
But even if sufficient shielding is provided, the formation of the desired 1D assembly requires
overcoming the additionally created surface area. In this regard, the necessary interaction
strength between the self-assembly units to form columnar assemblies is tuned by varying the
number of possible hydrogen bonds via the incorporation of amides (BTA), ureas (BTU), or
peptides (BTP) as hydrogen bonding units. Here, the influence of the hydrophilic polymer
exterior, which solubilizes the formed helical structures and builds up the brush-like structure,
additionally has to be taken into account. Since a strong dependency of the structure formation
on the hydrophobic/hydrophilic ratio of the building block and thus a pronounced hydrophobic
effect in the self-assembly can often lead to kinetically trapped morphologies, the energetic
landscape of the self-assembly of these SPBs will be subject to further studies. Combining the
knowledge of the prerequisites for 1D self-assembly in water with kinetic aspects of the self-

assembly mechanism, ways to influence the size distributions of the resulting structures are

18



One-dimensional (1D) nanostructures by self-assembly

accessible (Figure 6). Apart from this bottom-up approach, top-down methods as
ultrasonication might represent alternatives to adjust the size of the SPBs. Finally, first
prerequisites for the application of SPBs hydrogel in, for instance, biomedicine are studied. Due
to the supramolecular interactions and the brush-like structure, the hydrogels should feature

interesting dynamics and stress-responsiveness.

Prerequesites for 1D Self-assembly mechanism Interactions between fibers
self-assembly and kinetic control
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Figure 6 By knowing the prerequisites of 1,3,5 substituted benzenes for the formation of SPBs in water and the
kinetics of the self-assembly, adjustment of the size of the resulting SPBs is possible. With the formation of pm
sized fibers and their entanglement, combined with the introduction of crosslinkers, the application of these SPBs
in stress-responsive hydrogels is feasible.

In summary, this thesis aims to estimate the prerequisites for hierarchical macromolecular self-
assembly employing supramolecular chemistry. The overall goal is to form supramolecular
polymer bottlebrushes with adjustable size, gain an understanding of their self-assembly
mechanism, and evaluate first potential applications such as the formation of a biocompatible

hydrogel.
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2. Prerequisites for 1D supramolecular self-assembly of SPBs in water

2.1. The influence of the packing parameter on the self-assembly

Parts of this chapter have been published in: P2) T. Klein, F. V. Gruschwitz, S. Rogers, S.
Hoeppener, 1. Nischang, J. C. Brendel, J. Colloid Interface Sci. 2019, 557, 488-497.

In this chapter, the influence of the composition of the PEO-functionalized building block on
the formation of SPBs, and thus, the impact of changes in the hydrophilic/hydrophobic block
ratio on the formation of SPBs will be examined. Therefore, a BTA with alkyl chains of
different lengths is conjugated to a PEO-polymer of 2 kD, resulting in an amphiphilic structure.
By systematically varying the length of the alkyl chains (2 to 12 methylene groups), the
influence of the hydrophilic/hydrophobic block ratio on the self-assembly is assessed. In
general, the hydrophobic effect drives the self-assembly of amphiphiles in water if no additional
interactions are present. Since it is energetically favored for the hydrophobic part to minimize
its contact area to water, the hydrophilic part of the molecule forms a corona surrounding the
hydrophobic part. This results in the formation of micellar morphologies, such as spheres or
worms, depending on the ratio of hydrophobic to hydrophilic domain. This ratio is termed
packing parameter p and is defined for small molecules as p = V¢/(ao'lc) where V. is the volume
of the hydrophobic tail, ag the surface area of the hydrophilic head group of the aggregate, and
lc the length of the hydrophobic chain. With knowledge of the packing parameter, an estimation
of the resulting morphologies is feasible. For polymeric amphiphiles as the herein used BTA-
PEO conjugate, it is challenging to predict the surface area of the polar block and thus the
resulting morphologies. Nevertheless, with careful estimations, an equilibrium surface area a
will be calculated to make a statement about the driving force for the resulting morphologies of

the BTA-PEO conjugates in water.

The BTA-PEO conjugates could be synthesized from cheap starting materials and
circumventing tedious purification procedures. Addition of a semi-protected diamine of
different length to 3,5 bis(ethoxycarbonyl)benzoic acid, subsequent saponification of the esters
and addition of primary amines, gave, after deprotection and addition of NHS-PEO ester via
click-chemistry, compound 1. (Scheme 1, Further information on the synthetic procedure can

be found in the Supporting Information of P1)
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Scheme 1 Synthetic routes toward BTA compounds 1a-d. i) Semi-protected amine, DMAP, EDC, DCM, 25 °C,
overnight; ii) KOH in EtOH/H20 9:1, 80 °C, 30 min; iii) Alkylamine, DMAP, EDC, DCM, 25 °C, overnight; iv)
TFA/TIPS/H20, DCM, 25 °C, 2 h; v) Methoxy-PEG-NHS, TEA, DMF, 25 °C, overnight; vi) Alkylamine, DMAP,
EDC, DCM, 25 °C, overnight; vii) TFA/TIPS/H20, DCM, 25 °C, 2 h; viii) Methoxy-PEO-NHS, TEA, DMF,

25 °C, overnight.

Characterization of the solution assemblies of the BTAs 1a-d in water with small-angle neutron

scattering (SANS), cryo transmission electron microscopy (cryo-TEM), and analytical

ultracentrifugation (AUC), yielded no aggregation for 1a, spherical micelles for 1b-¢, and a

mixture of spherical particles with a minority of anisotropic structures for 1d (Figure 7).
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Figure 7 cryo-TEM images of 1b (A), 1¢ (B) and 1d (C) (¢ = 3 mg mL™"). Normalized differential distribution of
sedimentation coefficients, s, of BTA samples 1a-d from sedimentation-diffusion analysis, c(s), at a comparable
solution concentration of ¢ =3 mg mL-! (semi-logarithmic scale) (D). Scattering profiles of compound 1d (red, ¢
=10 mg mL™), 1¢, 1b, and 1a (¢ = 3 mg mL"!) obtained by SANS. The respective continuous lines represent the
fit for a spherical micelle for each sample. Adapted with permission of ref. ['¥8! Copyright (2019) Elsevier.

Utilizing the shortest spacer of 2 methylene units for the synthesis of 1a, resulted in the presence
of only unimers in solution. Via AUC measurements it could be observed, that BTA-C> 1a
showed a narrow distribution of readily small sedimentation coefficients derived from
sedimentation-diffusion analysis (black trace in Figure 7D). f/fspn Values are not concentration-
dependent and in good agreement with the values reported for end-functionalized PEGs in
solution.["®! The molar mass of 1a was calculated to M= 2200 g mol’!, corresponding to the
molar mass of a single molecule. In agreement with this, SANS data for 1a can be fitted by the
typical scattering pattern of a Gaussian coil (Figure 7E), proving the presence of solely unimers
for 1a in solution. By increasing the number of methylene units to 6, the equilibrium is shifted
to spherical morphologies for 1b. Cryo-TEM images reveal the presence of micelles with a
diameter of approximately 6 nm (Figure 7A), which can also be proven by the q° decay in the
scattering profile for 1b obtained by SANS (Figure 7E blue line). Nevertheless, as seen in AUC

experiments, this spherical fraction is not the majority. A big fraction of unimers is still present.
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This number of unimers is significantly decreased when a Cyo alkyl chain is used and well-
defined aggregates with a molar mass of Ms¢= 340 000 g mol™! and a number of aggregation
Nagg of 140 can be calculated (Figure 7D green line). However, in the cryo-TEM images of 1¢
still solely spherical micelles with a diameter of 8 nm can be observed (Figure 7B). The increase
in diameter compared to 1b correlates well to the increased spacer length. To further increase
the hydrophilic/hydrophobic ratio of the amphiphile, an alkyl chain of 12 methylene units was
used for the synthesis of BTA[Ci2][PEO2«] 1d. Here, a small minority of anisotropic aggregates
next to a majority of micellar structures could be observed in cryo-TEM images (Figure 7C).
Nonetheless, in AUC measurements and SANS data of 1d mostly spherical particles were
detected, resembling the ones of 1c. That means, despite the ability of literature-known non-
polymeric BTAs with spacers consisting of 11 methylene units to form anisotropic columnar
supramolecular assemblies,!'?%! polymeric BTAs cannot overcome the limitation of directional
growth by the packing parameter. These findings already emphasize that hydrophobic BTA
moiety needs to have a certain size compared to the hydrophilic PEO to enable assembly in

1901 To connect these

water. This corroborates the findings for non-polymeric BT A-derivatives.
observations to the packing parameter, theoretical considerations can be drawn by employing
the equilibrium surface area, a. which is based on repulsive forces between adjacent chains
instead of ao. The equilibrium surface area, ae can be calculated from the spherical fit of the
SANS data via the surface of a sphere, 4, of a radius, 7., divided by the aggregation number
also calculated from fitted SANS data. Assuming the observed solution morphologies to
represent a thermodynamic equilibrium, the value for a. derived from the spherical micelle fits
results in a significantly increased available surface area per PEO chain for BTA[Cs][PEO2x]
1b in comparison to 1¢ and 1d (Figure 8). Since in all cases the same size of hydrophilic exterior
is attached, for the BTAs 1c¢ and 1d stronger repulsive forces are expected. The resulting

increased crowding of chains results in a transition from spherical to cylindrical structures due

to a lower overall energy level .[191-192]
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Figure 8 Schematic representation of the configuration of BTA molecules in the spherical micelles; the given
values for a theoretical maximum length, L., and the theoretically occupied volume for each unit, V., are estimated
from geometric considerations, while the surface area per PEO chain, apgo chain, was calculated from the
representative spherical micelle fits. Adapted with permission of ref. ['8] Copyright (2019) Elsevier.

These considerations support the assumption that for BTAs, the transition from spherical to
cylindrical structure is dependent on the composition (i.e. the ratio of hydrophobic to
hydrophilic domain), and not the presence of directed hydrogen bonds in the BTA motif itself.
This hypothesis is again supported by comparison of the BTA compounds to a compound
lacking the hydrogen bonding units. The benzenediesteramide-PEO with Cio alkyl chains
BDEA[Ci0][PEO2] 2 forms an increased number of fiber-like morphologies in water compared
to the BTA analogs (Figure 9, the synthetic procedure can be found in Supporting Information
of P1). Since BTA[Cio][PEO2k]1c does not form any anisotropic structures, the packing
parameter can be regarded as the structure-directing factor. Due to the hydrogen bonds in
BTA[C10][PEO2] 1c a denser packing of the molecules in the core can be expected, thus
resulting in a lower volume V. of the hydrophobic part as for 2. As the surface area and the size
of the hydrophilic part is the same, the packing parameter p is lower and a transition from

spherical (p < 3) to cylindrical (5 < p < %) structures is observable for 2.
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Figure 9 Chemical structure of BDAE 2 (A) and cryoTEM image of 2 (¢ =3 mg ml™!) (B). Adapted with permission
of ref. ['881 Copyright (2019) Elsevier.

Therefore, by employing the BTA motif the synthesis of SPBs is not feasible. Additional or
stronger directional forces are necessary to induce 1D growth. However, the size of the
hydrophobic part is of great importance to generally allow for the synthesis of 1D aggregates

in aqueous solution.

2.2. Overcoming the packing parameter - Influence of the interaction strength on 1D

aggregation

Parts of this chapter have been published in: P3) F. V. Gruschwitz, M.-C. Fu, T. Klein, R.
Takahashi, T. Higashihara, S. Hoeppener, I. Nischang, K. Sakurai, J. C. Brendel,
Macromolecules 2020, 53, 7552-7560 and P4) T. Klein, H. F. Ulrich, F. V. Gruschwitz, M. T.
Kuchenbrod, R. Takahashi, S. Fujii, S. Hoeppener, 1. Nischang, K. Sakurai, J. C. Brendel,
Polym. Chem. 2020, 11, 6763-6771.

To overcome the limitations derived from the packing parameter, the number of hydrogen
bonds and thus the interaction strength has to be increased. Employing urea groups as hydrogen
bonding units instead of amides, the interaction strength increases and thus results in stronger
directional growth. Via a straightforward synthesis, employing isocyanate chemistry, benzene
trisurea — PEO conjugate 3a was obtained (Scheme 2). Commercially available
3,5-dinitrobenzoyl chloride was reacted to its carbonyl azide and subsequent Curtius

rearrangement yielded the isocyanate. This was in sifu reacted with a mono boc-protected
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dodecyl diamine. After hydrogenation of the nitro groups, dodecyl-isocyanates were attached
to the resulting amino groups to finalize the trisurea core motif. After deprotection of the boc-
group, poly(ethylene oxide) polymers (PEO) were connected to the core by amide groups,

which were formed from an activated N-hydroxysuccinimide (NHS) ester.
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Scheme 2 Synthetic procedure for the synthesis of the BTU-Ci2-PEOx 3a : (i) NaN; aq.; (if) tert-butyl n-
aminoalkylcarbamate; (ii7) H», Pd/C, alkylisocyanate; (iv) TFA; (v) NHS-PEO, TEA.

Upon dissolution of the compound 3a in water, aggregation into pure fiber morphology could
be proven by cryoTEM, where fibers with an apparent diameter of 7.6 nm can be distinguished
(Figure 10B). The length of the fibers is difficult to consider from these images since the ends
partly exceed the dimensions of the imaged area. This result already indicated that by simply
changing from amide groups to urea the limitation of the packing parameter can be overcome
and pure fiber formation can be observed for BTU[Ci2][PEO2x] 3a in comparison to
BTA[C12][PEO2] 1d. Further insight into the fiber morphology of 3a could be obtained by
small-angle x-ray scattering (SAXS) (Figure 10A). For compound 3a the scattering intensity
[I(q)] scales with q' at low g-values, which is indicative of the formation of cylindrical
structures. To extend the accessible window of observation, the sample was analyzed by static
light scattering (SLS). Even at lower g-values, the continuation of the g”! dependence can be
observed, however, a plateau is formed at g-values below 9 x 10~ nm™!. By combination of both

[167]

scattering data,!'®”) a model of a cylinder with a radius Reyi of 5.0 nm and a length Leyi of 311 nm

can be fitted. By a cross-sectional plot of the SAXS data, the cross-sectional radius Res could

be determined to be 6.2 nm. This does not correlate well with the relationship of
Res = Rep /N2 described for a solid cylinder. Nonetheless, the more complex core-shell

structure of the cylindrical aggregate has to be considered. Hereby, the hydrophilic polymer
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chains will protrude into the solvent inducing a gradient in the electron density profile, which

will not be correctly represented by the applied cylindrical model. However, this radius seems

reasonable in correspondence with the radius obtained from cryoTEM, which is also slightly

smaller since the contrast of the adjacent PEO chain is not big enough to exhibit a high enough

contrast to measure the polymer corona. This radius however raises the question of whether the

fiber consists of a single columnar stack of unimers or bundling of columnar stacks is favored.

The overall mass of the aggregates was determined by SLS to be 9.5 x 10° g mol™! which results

in a number of aggregation of unimeric building units Nagz = 3 500 per cylinder considering a

molar mass of 2 800 g mol™! for the unimer. If the length of 311 nm per aggregate and an average

distance of 3.6 A between the stacked molecules is considered, there is a mismatch that can

only be explained by the presence of 4 molecules per cross-section (Figure 10C).
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Figure 10 Scattering profile of BTU[C2][PEO2] 3a obtained by SLS (red squares) and SAXS (blue squares) and
a cylindrical fit (black line) of the combined data (c= 1.5 mg mL™") (A). cryoTEM image of 3a (¢ = 5 mg mL™")

(B). The proposed arrangement of BTU[C2][PEO2] molecules (C). Adapted with permission of ref.
Copyright (2020) American Chemical Society.
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Stepping further, it is possible to increase the interaction strength even more by employing
peptide groups as hydrogen bonding units. Especially the choice of amino acids allows for fine-
tuning of the interaction strength. Varying the type of amino acid from alanine, leucine to
phenylalanine results in the creation of SPBs derived from benzene trispeptides (BTPs)
(Figure 11B). The synthetic route towards compounds 4a-c can be found in the Supporting
Information of P4. Sticking to the previously used alkyl spacer length of 12 methylene units
and a 2kD PEO chain, the influence of the amino acid on the structure formation in water is
evaluated. Hypothetically, these SPBs will be longer in comparison to 3a due to the higher
interaction strength of the peptide units. This applies to BTP[A][C12][PEO2x«] 4a which features
fibers with lengths up to one micron observed by cryoTEM (Figure 11A). By changing the
amino acid to Leucine, smaller structures of maximal 600 nm could be obtained (Figure 11C),
which is at first thought not expected. A further variation to the 3-sheet forming Phenylalanine
results in the formation of the shortest fibers observed for BTPs of around 250 nm (Figure 11E).
From cryoTEM images, it seems, that despite the high interaction strength of the peptide
groups, the structures are smaller compared to 3a and even some small micelles can be
observed. Since in SAXS measurements of 4b and 4c¢ a continuous q! decay, indicative for the
presence of cylindrical aggregates, is measured, the small structures are expected to be
truncated cylindrical aggregates instead of spherical particles (Figure 11D). This assumption is
further supported by the absence of smaller sedimentation coefficients in AUC measurements
for 4b and 4¢ (Figure 11F). This unexpected tendency for 4b and 4¢ to form smaller structures
compared to 4a and 3a (Figure 11B and C), can be explained by the strong increase in
hydrophobicity of 4b and 4¢ due to the combination of a hydrophobic amino acid with the long
alkyl chain of 12 methylene units, resulting in an increased hydrophobic core. Its free diffusion
through the water is thus hindered and the formation of kinetically trapped structures occurs.
Therefore it is necessary to not only consider the increased interaction due to hydrogen bonds
but also the hydrophobic interactions as already mentioned in chapter 2.1. Further work on the

kinetics of BTU and BTP assembly is presented in Chapter 3.
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Figure 11 CryoTEM images of 4a-c in water (¢ =3 mg mL-1) (A, C, E). SAXS scattering profiles of the samples
4a (grey), 4b (magenta), and 4c¢ (green), measured in water (¢ = 1.5 mg mL""). The traces of were shifted by
multiplication for reasons of clarity (D). Normalized differential distribution of sedimentation coefficients, ls-
g*(s), of compounds 4a (grey), 4b (magenta), and 4c¢ (green) from sedimentation analysis in water (¢ =3 mg mL"
) (E). Adapted with permission of ref. ['** Copyright (2020) Royal Society of Chemistry.

By comparing amide- (1d), urea- (3a), and peptide-derived (4a) PEO-conjugates (without the
capability to form additional B-sheet structures), an increase in sedimentation coefficients in
AUC and thus an increase in the size of the aggregates can be observed (Figure 12B).

Additionally, in SAXS measurements, a "' decay can be observed for peptide and urea-derived
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PEO-conjugates 4a and 3a, in contrast to a q° decay for the micellar structures of amide-derived
PEO conjugate 1d. This difference amplifies the need for a high interaction strength of the
hydrogen bonding units to ensure 1D growth and thus the formation of SPBs in water

(Figure 12A).
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Figure 12 Schematic depiction of the interactions in the self-assembly of benzene trisureas and -peptides in
comparison to the analogous amides to form supramolecular polymer bottlebrushes (A). SAXS (B) and AUC (C)
measurements of amide- (1b), urea (3a) and peptide-derived (4a) PEO-conjugates. Adapted with permission of
ref. 1931, Copyright (2020) American Chemical Society.

Overall, these results corroborate the impact of the interaction strength by the presence of urea
or peptide groups, to shift the boundaries of the phase transition from spherical to anisotropic
aggregation. Nevertheless, the influence of hydrophobic interactions and the packing parameter

should not be neglected.
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2.3. Limiting factors for the 1D supramolecular self-assembly

Parts of this chapter have been published in: P3) F. V. Gruschwitz, M.-C. Fu, T. Klein, R.
Takahashi, T. Higashihara, S. Hoeppener, I. Nischang, K. Sakurai, J. C. Brendel,
Macromolecules 2020, 53, 7552-7560. P5) T. Klein, H.F. Ulrich, F. V. Gruschwitz, M.T.
Kuchenbrod, R. Takahashi, S. Hoeppener, 1. Nischang, K. Sakurai, J. C. Brendel, Macromol.
Rapid Commun. 2020, 2000585.

As the packing parameter and thus the structure formation cannot only be influenced by the
hydrophobic but also by the hydrophilic part of the molecule, the size, and type of the latter has
to be chosen carefully to still form cylindrical SPBs in water. Since an increase in the size of
the hydrophilic part, will increase ac and thus decrease the packing parameter, this will result in
a shift of the equilibrium morphologies from cylindrical to spherical ones. However, since these
SPBs do not solely rely on the packing parameter but also on the hydrogen bond interactions
that favor a 1-dimensional growth once they are strong enough, the influence of the dimensions
of the hydrophilic exterior on the cylindrical morphologies should be lower. This means, larger
variations in the size of the hydrophilic exterior should be tolerable still yielding cylindrical
aggregates, as one would expect from the packing parameter if no additional non-covalent
interactions would be present. In the following chapter, the boundaries of SPB formation are
evaluated by variation of the size of the hydrophilic polymer exterior of BTU[Ci2]-derived
PEO-conjugates.

By increasing the length of the PEO-polymer from the previously known 2 000 g mol™! to
6 000 g mol™ and 11 000 g mol™!, the influence of the degree of polymerization (DP) on the
formation of SPBs will be assessed. In comparison to BTU[Ci2][PEOx] 3a,
BTU[C12][PEOsk] 3b forms mostly micellar structures however fiber-like aggregates can be
observed in cryoTEM images (Figure 13A). Increasing the PEO-corona of the aggregates even
more, for BTU[C12][PEO11k] 3¢ solely rather ill-defined micelles can be observed in cryoTEM
(Figure 13B). Due to the big and highly hydrated PEO-corona, the contrast in cryoTEM is rather
low, which complicates the estimation of the length and diameter of the formed aggregates. The
loss of anisotropy with increasing hydrophilic part of the molecule can also be depicted by
SAXS measurements. In comparison to the q!' decay for 3a, 3b and 3¢ exhibit a plateau at q
values < 0.2 nm™!, indicative for the formation of micelles. Since the arrangement of the unimers
into spherical aggregates might be difficult, due to the limited extension of the hydrophobic
domain, the observed micellar structures might be very short fibers with lengths in the size

range of their fiber diameter, thus appearing as spherical structures. Fitting the SAXS data with
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a cylindrical structure factor, an adequate fit for a cylinder with dimensions of Lcy1 = 14.7 nm
and with a Rcy1 of 8.0 nm is obtained (Figure 13D). With an overall mass of the aggregate of
1.0 x 10° g mol™! an aggregation number of Nage of approximately 165 was calculated, which
still corresponds well to the tetramolecular cross-section we observed for 3a. For 3¢, a spherical
fit with a radius Rsphere 0of 10.5 nm can be fitted. However, similar adequate fits were obtained
using a cylindrical model with Ly of 17.2 nm and a Rcy of 10.6 nm. With a molar mass of
1.1 x 10° g mol™! (NVage = 98), only two molecules can be present in the cross-section. Due to the
relatively large polymer chain, stronger steric demands are expected and thus the lateral
aggregation might be decreased for 3¢ in comparison to 3a and 3b. AUC measurements,
corroborate the shift from bigger structures to smaller ones by increasing the hydrophilic

exterior of the aggregates (Figure 13C).

These findings represent the impact of composition on the boundaries of anisotropic self-
assembly of urea-derived PEO-conjugates. This means that the window of anisotropic self-
assembly can be widened by employing urea groups as hydrogen bonding units in comparison
to no or less strong directional interactions as in amide-derived PEO-conjugates. However, even
the utilization of peptide groups to obtain SPBs could not tolerate PEO chains of lengths > 2kD,

implying the tremendous influence of the size of the hydrophilic domain on the self-assembly.
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Figure 13 cryoTEM images of 3b (A) and 3¢ (B) in water (¢ = 5 mg mL™!). AUC (C) and SAXS (D) data (c = 1.5
mg mL™") of BTU[C12]-PEO conjugates with varying DP of the PEO chain. Adapted with permission of ref. [!%,
Copyright (2020) American Chemical Society.

Apart from varying the size of the hydrophilic part, it is also possible to change the architecture
of the amphiphile to resemble a bolaamphiphilic structure. Comprising two or three polymer
chains attached to the core motifs, the compounds BTU[Ci2][PEO2x]> 5a and
BTU[C12][PEO2]3 Sb were synthesized to evaluate the effect of the arrangement of the
hydrophilic exterior on the formation of SPBs (Figure 14A). (The synthetic procedure can be
found in the Supporting Information of P3).

BTU[C12][PEO2]> Sa exhibits mostly fiber-like aggregation with a few micellar structures in
cryoTEM images (Figure 14B), which is supported by a q° decay in SAXS measurements that
can be fitted by the combination of two models for smaller spherical or cylindrical structures
and long cylinders (Figure 14D). Both combinations give adequate results of either Rsphere O

5.1 nm and a R¢y1 of 4.3 nm for the spheres and cylinders, or Reyi short 0f 4.8 nm and a Reyi 1ong O
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4.3 nm for the short and long cylinders, respectively. A further increase of the number of
polymer arms to three (BTU[Ci2][PEO2«]3 3b) resulted in a purely micellar morphology
(Figure 14C). Again both, a spherical fit with Rsphere 0f 4.2 nm and a cylinder fit resulting in a
Leyi of 5.8 nm and a Rey1 of 5.3 nm, were in good agreement with the SAXS data. In contrast to
3a which is consistent with a tetramolecular cross-section and Sb where the number of
molecules in the cross-section cannot be determined, the aggregates of 5¢ (Nagg = 16) consist of
a single molecule in the cross-section (stacking distance = 3.6 A). The symmetrical attachment
of three polymers impedes the lateral aggregation completely, thus forming a unimolecular
cross-section and resulting in the formation of very short structures of micellar shape, although
the overall size of the hydrophilic and hydrophobic domains of 5b is similar as for 3¢
(BTU[C12][PEO¢k]). This already might be a hint, that the additional lateral aggregation
enhances 1-dimensional growth, due to compensation of defects in the stacked, hydrogen bond-
forming trisurea benzenes by the parallel alignment of neighboring stacks in such bundles of
aggregates. This effect has already been observed for other supramolecular systems.!'*>-1% This
necessity of lateral aggregation to obtain long SPBs can only be overcome by increasing the
interaction strength even more. Only a combination of a urea group with two leucine units
induces hydrogen bonds strong enough to yield long fibers with a unimolecular cross-section

even if three pendant polymer chains are present.

34



Prerequisites for 1D supramolecular self-assembly of SPBs in water

o
A 0 0 H HNJLN’R
H
HNJ\NMH\HJ\/\H’N\/\EO/\’}?B\ 0 /@\ 0
0
eyt iR

H
S ol SN Saas
TN N gl TR sy N\/\[o/\’}?a\
H H H H H 5 o

BTU[C12][PEO22
5a

D

[[] /——BTU[C,,]IPEO,]3a [/ BTUIC,,][PEO,,], 5a
1.z BTU[C,,][PEO,]; 5b

10°% 5

-
o
o
ul

A* I_Eq) (a.u.)

1024

103 4

10

q (nm™)

Figure 14 cryoTEM images of Sba (B) and 5b (C) in water (c =5 mg mL™"). SAXS (D) data (c = 1.5 mg mL"") of
BTUJ[C)2]-PEO conjugates with varying architecture of the amphiphiles. Adapted with permission of ref. [,

Copyright (2020) American Chemical Society.
To sum it up, increasing the number of polymer chains and thus changing the architecture of

the amphiphile, results in a loss of anisotropy similar to the shift to micellar structures observed
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for increasing polymer chain lengths. This amplifies the influence of the packing parameter on
the assembly even if stronger directional interactions, for instance, urea instead of amide groups
are present. The enhanced interaction seems only to shift the phase boundaries of the
morphology transitions, since decreasing the ratio of hydrophobic to hydrophilic part, again
results in the transition towards isotropic structures (Figure 15 left). Nonetheless, a change in
the structural arrangement affects the molecular packing of the building units in the cross-

section of the assemblies (Figure 15 right).

Figure 15 Schematic depiction of the different assembly patterns (bottom) observed for benzene trisurea derived
PEO-conjugates, which are either governed by the packing parameter (left) or the structural arrangement of the
amphiphiles (right). adapted with Permission of ref. '3, Copyright (2020) American Chemical Society.

For the synthesis of SPBs from 1,3,5 substituted benzenes in water, it is, therefore, crucial to
maintaining a balance between a favorable packing parameter (5 < p < '2), hydrophobic
interactions (alkyl chain > 12 methylene units), directional interactions of hydrogen bonds

(interaction strength > urea groups), and steric restrictions (number of polymer chains < 2).
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3. Kinetics of the self-assembly - on the way to size adjustment

Parts of this chapter have been published in: P6) F. V. Gruschwitz, T. Klein, M. T. Kuchenbrod,
N. Moriyama, S. Fujii, I. Nischang, S. Hoeppener, K. Sakurai, U. S. Schubert, J. C. Brendel,
ACS Macro Letters, 2021, 837-843.

and P7) T. Klein, F. V. Gruschwitz, M. T. Kuchenbrod, I. Nischang, S. Hoeppener, J. C.
Brendel, Beilstein J. 2021, submitted.

After evaluation of the prerequisites for the formation of SPBs in water employing
1,3,5-substituted benzenes, it is necessary to focus on the self-assembly process itself, since a
fundamental understanding of the kinetics and thermodynamics governing the self-assembly
can help to gain control over the aggregation process. This control over size and size
distributions would again be beneficial e.g. in biomedical applications where low dispersity and

exact particle sizes are desirable.

By simple dissolution in water solely anisotropic morphologies could be obtained for
BTU[C12][PEO2«] 3a and BTP[F][C12][PEO2«] 4¢c. However, for supramolecular self-assembly,
the possibility of the formation of kinetically trapped structures, which do not represent the

1] Especially aqueous media are appealing

thermodynamic equilibrium morphologies, exists.
for the formation of kinetically trapped structures, due to the strong hydrophobic interactions,
which result in high kinetic barriers. Switching between equilibrium structures and non-
equilibrium morphologies would open up the way to controlled formation of different structures
of one building block and non-covalent synthesis would be significantly augmented.!'*”) This
pathway-dependent self-assembly has already been observed for amphiphilic block

[198-199] Strong hydrophobic interactions and slow dynamics of the polymer chains,

copolymers.
favor the formation of kinetic products. Even in supramolecular self-assembly, for instance, for
perylene dyes, this pathway dependence is observed.?”! Due to their planar 7 surfaces, they
should self-assemble into 1D aggregates resulting from equal binding constants of both
n-surfaces if no steric hindrance by substituents is present. Hereby two aggregation models are
possible.?°!-2] [sodesmic growth is characterized by one binding constant for both monomer
addition and dimer formation (knue = Kelong). The cooperativity factor 6 = knuc/kelong €quals 1.
However, for most of the supramolecular systems, the nucleation is disfavored, which means,
due to, for instance, crowding of substituents or polymer chains as in the assembly of SPBs, the

[203

assembly follows a nucleation-elongation mechanism.>®! Hereby, a nucleus is formed with a

lower association constant k. If the nucleus reaches a certain size, cooperative effects result
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in a higher association constant keiong for further monomer addition and the polymerization
speeds up (0<<l). Therefore, in cooperative supramolecular polymerization, an immediate
formation of long aggregates besides residual monomer can be observed. Similar to chain-
growth characteristics in the synthesis of covalent polymers, no larger oligomers are present in
significant quantity. If multiple non-covalent interactions are present, the structure formation is
often governed by kinetics rather than thermodynamics. Here, the preparation pathway is
determining the structural outcome. By manipulating temperature, solvent, or external stimuli,

[204-206] Combination of

different metastable or kinetically trapped structures are accessible.
kinetics and knowledge of the thermodynamic landscape of the polymerization enables control
over the polymerization to yield kinetic intermediates or even highly defined structures by
living supramolecular polymerization.?’2%®! For the supramolecular polymerization of low
molar mass compounds, ’living” systems featuring size control based on thermodynamics and

d [182, 185-186, 209

kinetics have already been reporte I However for polymeric building block

crystallization-driven self-assembly (CDSA) remains the only viable method to gain control

over the size distributions of fibers especially in aqueous environment, 87 210-212]

Since the SPBs in this work are based on different types of interaction, like hydrogen bonds
and hydrophobic interactions, the anisotropic structures observed e.g. for BTU[C12][PEOx] 3a
might not be the thermodynamically favored morphologies. Additionally as mentioned in
chapter 2.2, BTP[F][Ci2][PEO2] 4¢ shows the formation of surprisingly shorter SPBs
compared to BTP[A][Ci2][PEO2«] 4a with decreased interaction strength compared to 4¢ due
to a lack of B-sheet formation. The hydrophobicity of the phenylalanine substituted benzene
core might result in high kinetic barriers in the assembly in water. Since it has already been
observed for poly(ethylene oxide) (PEO) modified bolaamphiphile comprising five urea groups
that direct dissolution in water significantly limited the aggregation, while a slow transition
from DMSO to water resulted in the formation of long SPBs,!'%*! this preparation-pathway is
transferred to the herein presented systems. BTU[Ci2][PEO2«] 3a and BTP[F][C12][PEO2«] 4¢
are dissolved in an organic solvent where no aggregation is observed and subsequently a
solvent-switch to water is carried out. This solvent switch- or exchange strategy is performed
by adding water to the solution of the compound in organic solvent at different addition speeds
up to a final water content of 80 v% to evaluate the kinetics of fiber formation (sample are
denoted as BTU solvent and BTP solvent). The remaining organic solvent is removed via
dialysis. To carry the influence of addition speed to its extreme, additionally, a “quenching”
(denoted as “(qu)”) procedure was applied. Hereby, the organic solution of the compounds was

directly added into an excess of water, corresponding to a very fast solvent-switch.
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For both compounds BTU 3a and BTP 4c, significantly larger structures can be obtained when
performing a solvent switch from THF with a water addition at 1 mL h"! (BTU/BTP THF
1 mL h'') compared to the direct dissolution in water (BTU/BTP H:0 direct). This
corroborates the hypothesis of trapped structures upon direct dissolution in water (Figure 16A,
C, E, and F). The observed fibers for BTU and BTP THF 1 mL h! exceed several micrometers
in size and thus the linear region of light scattering. This means, the size analysis for structures
where R, > 80 nm via Zimm plot of light scattering data with the herein used multi-angle laser
light scattering setup is not possible. Nonetheless, it can be said that performing a solvent switch
from THF to water, enhances the growth of supramolecular polymer bottlebrushes and thus
emphasizes the impact of the preparation pathway on the resulting morphologies. To evaluate
the influence of the addition speed of water to the organic solvent, the syringe pump speed was
varied from slow (1 mL h') to fast (100 mL h™') water addition. By AF4-measurements and
cryoTEM images, a significant decrease in size with increasing addition speed could be proven
for BTP THF 10 to 50 mL h!' (Figure 16E). For BTU THF only minor differences between
the addition rates could be observed (Figure 16F). The fastest water addition achieved by the
quenching of an organic BTP or BTU solution in water resulted for both compounds in smaller
structures, whereby BTP THF(qu) exhibited only a fraction of small micellar aggregates and
BTU THF(qu) still consisted of larger anisotropic structures up to 100 nm in length
(Figure 16B and D, and E and F). In contrast to repeatable results for the size distribution of
BTP THF(qu), the size distributions of BTU THF(qu) were not completely repeatable, and
often even larger structures comparable to BTU THF at 20 to 50 mL h™! water addition speed
were obtained. This already emphasizes the effect of different aggregation strengths on the self-
assembly. The less pronounced dependency of BTU on the addition rate leads to the assumption

of a faster aggregation compared to BTP.
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Figure 16 cryoTEM images of A) BTP THF 1 mL h'!, B) BTP THF(qu), C) BTU THF | mL h!, D) BTU
THF(qu) (c = 1 mg mL"). AF4-UV traces of BTP THF and BTP THF (qu) (E) and BTU THF and BTU
THF(qu) (F). The injection peaks were omitted for clarity. Adapted with permission of ref.?!3] Copyright (2021)
American Chemical Society.

This pathway dependence of BTP 4¢ and BTU 3a could also be proven if other solvents than
THF were used. Self-assembly via a solvent switch from either acetone, ethanol or DMF to
water at | mL h™! resulted in size distributions comparable to THF 1 mL h™! for both compounds.
Nonetheless, for BTU a slight difference between THF, EtOH, and DMF, and Acetone could
be observed. For THF and EtOH, longer fibers could be obtained. DMF and Acetone favored
the formation of decreased fiber lengths, still in the range of several hundred nanometers to
micrometers. This indicates that BTU might be more sensitive to changes in the solvent than

BTP.

In AF4-measurements, a fraction of considerable small structures can be detected next to the
large aggregates. This might already be a hint that the self-assembly of BTU and BTP follows
a nucleation-elongation mechanism. By monitoring the structure formation via DLS with
increasing water addition to an organic solution of BTP or BTU, a sudden increase in count
rate can be noted (Figure 17A and B). This sudden structure formation at a certain threshold
water content is indicative of a nucleation-elongation mechanism. Interestingly, the onset of
self-assembly of BTU and BTP is different, starting at 37 or 50 v% water, respectively. The

influence of the organic solvent on the onset of aggregation was evaluated by testing DMF.

40



Kinetics of the self-assembly - on the way to size adjustment

Here, the assembly starts already at lower water contents of 20 and 15 v% water for BTP and
BTU, respectively. This might be because DMF solvates the compounds slightly worse than
THF and thus, even small amounts of water, the poor solvent for the hydrophobic core, lead to
a minimization of the exposed surface and initiates nucleation and in the end fiber formation.
The faster aggregation of BTU 3a in comparison to BTP 4¢ might result from its lower sterical
hindrance of the core structure. Due to its benzyl substituents, 4c¢ needs time for rearrangement
to form an energetically favored stacking. The slightly slower aggregation of BTP renders it
interesting for further research on assembly kinetics. Performing this self-assembly experiment
from THF to water for BTP while monitoring the stability of the aggregation at certain water
contents via DLS showed that at 53 v% of water, the derived count rate increases up to one
hour, but then remains constant (Figure 17C). Reaching 55 v% of water, only a slight increase
is visible for the first 10 min, whereas for 58 v% water, the count rates remain constant. This
indicates an immediately completed assembly at water contents > 55 v%. By changing from
THF to DMF, again the subtle influence of the choice of solvent can be proven since with DMF
the assembly of BTP at 20 to 27 v% water shows no time dependency and immediate structure
formation. To elucidate whether some intermediate morphologies can be observed in the
structure formation of BTP DMF, SAXS measurements at certain DMF/H>O ratios were
conducted (Figure 17D). The absence of aggregation below water contents of 23 v% could be
proven. At water contents > 23 v%, immediate formation of cylindrical aggregates can be
detected due to the q' dependency at low g-values. This means there is no intermediate
spherical phase in the self-assembly process. Increasing the water content further leads to no
increase in the cylinder radius, meaning that the number of BTP molecules inside the fiber,
which was determined to be two, stays the same throughout the whole assembly process

(Figure 17E).
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Figure 17 DLS measurements of the solvent switch procedure at different water contents. The compound was
molecularly dissolved in THF or DMF and water was slowly added. The count rate was determined for each
solvent mixture composition and plotted versus the water content for A) BTU DMF (black), and BTU THF (blue),
and B) BTP DMF (black), and BTP THF (blue). C) Time-dependent evolution of derived count rates for BTP
THEF at 53, 55, and 58 v% water. D) SAXS scattering profiles of BTP DMF (dots) and the respective cylinder fits
(lines) for different water volume contents. The traces were shifted by multiplication for reasons of clarity. E)
Evolution of the cylinder radius with increasing water content, obtained from the respective cylindrical fits.
Adapted with permission of ref.2!3] Copyright (2021) American Chemical Society.

Further insights into the structural changes upon self-assembly of BTP could be gained by

employing circular dichroism (CD) at specific water/THF ratios (Figure 18B). At high THF
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contents, a pre-aggregation into left-handed helical structures due to the hydrogen bonds can be
observed.[?'*2151 However, this pre-aggregation does not seem to form large aggregates since
the count rate in THF is rather low as proven by DLS measurements. The good solubility in
THF enables a relatively free orientation of the attached polymer chains in the small stacks
according to their steric demands (Figure 18A). Increasing the water content, the hydrophobic
parts of the molecule are shielded, favoring an additional lateral aggregation which is
accompanied by the inversion of the helicity. The lateral aggregation at critical water content
forces the chains of the individual stacks to point in similar directions. To maintain the hydrogen
bonds, the helical structure in the individual stacks has to be rearranged during the hydrophobic
assembly finally resulting in the right-handed helix in aqueous solution. Surpassing a water
content of 60 v%, an irreversible 1D growth of the structures to long fibers featuring
cooperative characteristics can be observed. Therefore it can be concluded that the hydrogen
bonds seem to induce a pre-aggregation of a few BTP units into very small aggregates but with
increasing water content, the hydrophobic effect becomes the predominant driving force in this

216-2181 This hypothesis is further supported by the

assembly, inducing the strong cooperativity.!
fact, that the addition speed of water does not influence the aggregation onset. Nevertheless,
the hydrogen bonds introduce the directionality needed for 1D growth, once critical nuclei sizes
are reached, and define the local arrangement of the molecules. This aggregation and increasing
hydrophobic shielding of the core can also be visualized by "H-NMR measurements,'*!”! where
the aromatic proton signals shift and adjacent signals appear until all signals start to vanish with

increasing water content (Figure 18C)
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Figure 18 Schematic depiction of the self-assembly process of BTP upon changing from THF to H,O (A). CD-
measurements of BTP in THF:H,O (v:v) mixtures (B). 'H-NMR measurements of BTP in different solvent
compositions (v:v ds-THF:D,0), where the hydrophobic shielding of the aromatic units of BTP can be visualized
by the vanishing of the respective signals with increasing DO content (C). Adapted with permission of ref.?!3]
Copyright (2021) American Chemical Society.

Since the nucleation-elongation mechanism of the self-assembly can possibly be exploited in a
seeded-growth approach to yield particles with small dispersity,!!”-22% the addition of further
BTP to a solution of BTP THF(qu) was tested. At low THF content (~ 10 v%), no growth of
the structures could be observed but additional small quenched structures, corroborating the
trapped state of the aggregates. However at a THF content higher than the initial composition
where aggregation starts (32 v% THF) a small shift to larger sizes can be noted (Figure 19A).
This correlates with the expectations for a seeded growth mechanism. However, a competing
aggregation process can be measured featuring much larger structures. Similarly, the addition
of pure THF to the sample BTP THF(qu) also results in an increase of size when THF
concentrations of 32 v% of THF are reached (Figure 19B). That means, the system is kinetically
trapped at lower THF content and the growth at the chain ends is impeded which we assume is
related to an increased shielding from the water and thus limited accessibility for further
addition of unimers.[**!] At higher THF contents above the solvent composition at the initial
aggregation point, the dynamics of the system are increased and further growth is enabled
resulting in broad size distributions. The addition of more THF (= 58 v%) finally results in the
disassembly of all aggregates (Figure 19C). Since at high THF contents also high dynamics are

present, a living growth as observed for other systems is not feasible.!!7% 22l
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Figure 19 AF4-UV traces of BTP THF(qu) after addition of further BTP in THF at the specified THF content
(A) and AF4-UV traces of BTP THF(qu) after addition of THF (B). The THF was evaporated subsequently and
the concentration was adjusted to approx. 1 mg mL!' by addition of water for each sample. DLS measurement of
the count rate of BTP in solution dependent on the THF content (C). Adapted with permission of ref.[?'3! Copyright
(2021) American Chemical Society.

The kinetic trapping of BTU and BTP in water furthermore enables great long-term stability of
the formed structures. Via DLS the stability of the formed aggregates could even be monitored
over one year and no change in the correlation curves was observable. Apart from that, mixtures
of small and large structures stay intact over time as observed in AF4-MALLS and the exchange
of unimers is hindered. Therefore, it can be concluded that in water stable and especially defined
structures are obtained.

In contrast to the utilization of pathway complexities and especially kinetically trapped
morphologies, top-down methods, for instance, ultrasonication are suitable to target structures
of intermediate sizes (100 nm — 500 nm), which are often required for application of such
fibrillary structures in e.g. biomedical applications.***

Employing the longest structures formed by BTU THF 1mL h! and exposing them to strong
shear forces arising from ultrasonication (US) results in the fragmentation of the structures into

smaller fibers dependent on the strength (or amplitude) and period of US. Already after short
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sonication times of 1 s at 200 W, a strong decrease in size can be observed in AF4 measurements
(Figure 20A). The peak maximum at 80 min decreases and shifts to lower elution times.
Additionally, a new peak is formed at 10 to 20 min resulting from small oligomeric particles.
From this trend, we assume that, besides the fragmentation, the US shears off small oligomers
from the ends of the SPBs. With increasing US times, the length distribution becomes narrower
once again and is shifted further towards lower elution times corresponding to smaller
aggregates. After 30 s of US, small fibers with lengths of approximately 100-150 nm can be
observed in cryoTEM (Figure 20B). Apart from this method, which mostly results in structures
of approx. 100 nm, dual asymmetric centrifugation (DAC) can be used to tune the length of the
aggregates. Due to the second rotation of the sample, besides a rotation of the main rotor, a
continuous change of the direction of the centrifugal field is obtained thus resulting in harsh
forces. The generated shear forces can fragment dispersants such as these supramolecular
assemblies. By varying the speed (2500, 1000, and 500 rpm) and time (1, 5, 10 min, and 3 h)
the influence of dual asymmetric centrifugation on the size distributions can be assessed
(Figure 20C and D). For assemblies of BTU THF 1 mL h!, high centrifugation speed results
in the formation of small structures comparable to US times of > 30 s. The resulting
distributions, however, are slightly narrower compared to the ones obtained from a US
procedure. Apart from that also gentle centrifugation speeds (500 rpm) can be used to obtain
slightly bigger structures, however, the resulting distributions are very broad and feature even

bimodal characteristics.
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Figure 20 AF4-UV Traces of BTU THF 1 mL h™! after 0 to 50 s ultrasonication (200 W) and BTU THF 1 mL
h! after 10 min of dual asymmetric centrifugation at 2500, 1000, and 500 rpm. (C) The injection peaks were
omitted for reasons of clarity. CryoTEM images of BTU THF 30 s US (B) and BTU THF 10 min DC 1000 rpm
(D) (¢ =1 mg mL").

Due to the kinetic entrapment in water, similar to the high aspect ratio structures obtained from
BTU THF, these small structures resulting from US or DAC treatment exhibit remarkable
stability in water over long times. Nonetheless, the control over size distributions of these
supramolecular polymer bottlebrushes is still far away from living/controlled polymerizations
known for supramolecular polymers of low molecular weight building blocks.[!8!- 28] Control
over the length of the assemblies of amphiphilic polymers, in contrast, is still a challenge.!'"
11 Crystallization-driven self-assembly (CDSA) remains the only viable method to gain real
control of the fiber length. Nevertheless, particularly aqueous systems are scarce.*> 2231 So the
herein presented utilization of pathway complexities and top-down approaches may be a
legitimate try to adjust the size range of the formed structures from micrometers to several

nanometers and from aspect ratios of 100 to micellar structures to render these SPBs suitable,

for instance, in biomedical application.
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4. Formation of dynamic hydrogels by crosslinking of SPBs

Parts of this chapter have been published in: P8) F. V. Gruschwitz, F. Hausig, P. Schiiler, J,
Kimmig, D. Pretzel, U. S. Schubert, S. Catrouillet, J. C. Brendel, Adv. Func. Mater. 2021,

submitted.

In the solvent exchange experiments (Chapter 3), very large fibers of several micrometers could
be observed e.g. for BTU THF. Surprisingly, these fiber-containing solutions are still liquid at
a concentration of 1-3 mg mL™!. Typically, low molar mass substances forming similar fibers
by intermolecular hydrogen bonds are known to gel solutions at such concentrations which is
related to entanglements between the supramolecular nanofibers. Therefore, these substances

are referred to as low molecular weight gelators (LMWG) which are commonly based on

224228 [232]

peptides,! I n-gelators!??°! or ureas.*2*!1 In contrast to covalently-linked networks,
which are often static and quite restricted, supramolecular hydrogels feature dynamics and even
self-healing abilities. The basis for gelation in fibrillary hydrogels is often the formation of
entanglements, bundling, or branching.!>*3! Apart from the aforementioned LMWG, also worm-
like micelles obtained by block-copolymer self-assembly can form such hydrogels at higher
concentrations (~ 10 wt%) due to entanglement.!*® 234231 In contrast to LMWG, the brush
structure of worm-like micelles features several advantages, as stimuli-responsiveness and the
possibility for additional functionalization of the polymer shell.[*® 239243 The synergistic effects
of both supramolecular polymers and worm-like micelles could be incorporated into hydrogels
by employing supramolecular polymer bottlebrushes. A combination of the dynamics observed
for LMWG with the functionalities of worm-like micelles paves the way to dynamic,
responsive, yet stable gels bearing different functionalities. First studies in this area have

86,244-2451 Nonetheless, high concentrations ~ 10 wt% are necessary, or

already been conducted.!
the system is limited to oligomer chains instead of a brush-structure originating from polymeric
building blocks. Stimuli-responsiveness and the possibility of degradation due to
supramolecular erosion could render these gels especially suitable for the application in

nanomedicine, 8% 168. 2462471 ¢ o a5 injectable hydrogel drug reservoirl!68: 170 172,244, 248-250]

To obtain hydrogels from SPBs, the concentration necessary for the entanglement of the BTU
nanofibers was assessed by inverted vial tests. Only at concentrations > 20 mg mL™! of BTU
fibers obtained from the previously explained solvent switch method (BTU THF) showed the
formation of a self-supporting gel. In comparison to LMWG which can already gelate at
concentrations of 1 mg mL!,1%°! this is extremely high. The overlap concentration for the SPBs

of e.g. 1 to 3 um (diameter 10 nm), however, was calculated to be in the range of 0.5 to
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0.05 mg mL"'. This means that the fibers are remarkably stiff and do no tend to entangle easily
since the concentration of gelation and thus pronounced entanglement is 400 times higher. A
reason for that might already be the highly hydrated polymer corona of the SPBs. Due to steric
constraints and repulsion between individual fibers, an entanglement will be prevented at low
concentrations. Rheological measurements will be used to gain further insight into the
interactions between the fibers. Frequency-sweep measurements of the 25 mg mL™! BTU gel
exhibit a plateau with a storage modulus G’ of 10 Pa which is typical for the entanglements of
the supramolecular polymers (Figure 21B green curve). Due to the supramolecular nature of
the SPB fibers, the gel is furthermore responsive to stress. Upon applying certain stress onto
the material, the fibers deform and break. The storage modulus drops to about 16% ofits initial
strength and the gel liquefies (Figure 21C). When removing the applied deformation the gel
recovers immediately (< 5 s) to its initial gel strength. This memory effect can be repeated many
times without a loss of strength. This effect may be based on the rupture of the supramolecular
interactions upon deformation and subsequent formation of “active chain ends”. Due to the
hydrophobic effect, these ends reassemble as soon as the stress is relieved. Since the gel strength
is recovered to 100 % each cycle, nearly every active chain end will re-assemble again. This

property features a great potential for the application for instance in nanomedicine.244-24% 252-

231 However, the strength of a gel consisting of pure BTU-PEO fibers is rather low. A strategy
to increase gel strength is to introduce a higher degree of crosslinking by the addition of a
bifunctional crosslinker, consisting of a PEO chain of 20 kD and BTU endgroups, before the
solvent switch (Figure 21A).2) By incorporation of the endgroups of the crosslinker in two
distinct nanofibers, the number of crosslinking points increases, the network gets denser, and
thus the moduli rise. Combing the entangled fibers of BTU 3a with just 1% of crosslinker 6a at
an overall concentration of 25 mg mL!, the strength of the gelation can significantly be
improved while still preserving the stress-responsiveness and self-healing behavior (Figure 21B
and C black curve). Even the pure crosslinker 6a features gel properties, however, its response

to stress results only in a limited shear-thinning compared to the mixture (Figure 21B and C

gray curve).
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Figure 21 Chemical Structure of BTU-PEOw-BTU 6 (A). Frequency-sweep (B) and step-strain measurements
(C) of 3a (green), 3a with 1% 6a (black) and 6a hydrogels at a concentration of 25 mg mL"'.

This gel containing 1% 6a at 25 mg mL™! is already very stable and can be easily shaped and
structured. Via a molding technique compact gel structures can be obtained, that keep their form
on a glass slide for more than an hour at which point severe drying is observed. It is also possible
to cut and rearrange the gel. Additionally, even if the gel is immersed in water no degradation,
swelling, or changes in rheological properties can be observed even after weeks. The gel
formation also tolerates THF contents up to 33 v% which do not alter the mechanical properties
to great extent. Even very acidic (pH 2) and basic media (pH 11), the presence of salt and serum
proteins are tolerated and still very stable gels are obtained. This again holds great potential for
an application in vitro and in vivo. However, the most important factor for future application in
a cellular environment is to ensure biocompatibility. The biocompatibility of a gel of 3a with
1 % 6a at 25 mg mL"! was checked by incubation with L929 cells over 24 h and calculation of
the cell viability via PrestoBlue assay. By testing two preparation procedures, one where first
the gel was placed in the well and then the cell suspension was added (preparation way 1) and
one where the gel was added later to the cell suspension (preparation way 2) an influence of the
preparation procedure is distinguishable. Generally, the gel seems to be non-toxic since
viabilities of 81 % and 96 % could be estimated for preparation way 1 and 2, respectively. The

difference might be attributed to the lower amount of space on the bottom of the well or cells
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being trapped in the gel when seeded if preparation way 1 is used. Due to the PEO-
functionalization of the gel, a stealth behavior is expected, meaning no cells will adhere to the
gel. This was proven in microscopy images of gels incubated with L929 cells for 24 h. As
expected no cells could adhere to the PEGylated gel structure however already at the border of
the gel, cells could be detected proliferating without any signs of detrimental effects on the
bottom of the well. It can be concluded that high biocompatibility is ensured. The suppressed
interaction of the cells with the gel further opens up the opportunity for selective and controlled
cell adherence if specific ligands or binding motifs are introduced. This is already an interesting
fact for further research on structured cell scaffolds, which might be accessible by further

functionalization of this hydrogel system as already shown for LMWH.!"!l

For the application of this hydrogel as a cell scaffold or as a drug delivery reservoir, additionally
to good stability and biocompatibility, the prerequisites for the diffusion of substances in the
gel should be given. Pulse-field gradient NMR spectra were recorded to get an impression of
the diffusion of macromolecules in the gel. Poly(ethyl oxazoline) (PEtOx) of different molar
masses were incorporated in the pure BTU gel (3a, 25 mg mL"!) and the crosslinked BTU gel
(3a + 1% 6a, 25 mg mL") while the assembly process. By comparison of the free diffusion
coefficient Do of the PEtOx in water to the diffusion coefficient D of PEtOx in the gel, strong
retardation, however, no complete trapping can be observed for PEtOx in both gels. This might
result from the highly hydrated brush structure where the PEO chains of the SPBs extend far
into the water and prevent the free diffusion along the network pores of the PEtOx significantly.
Additionally, this diffusion was monitored by measuring the fluorescence intensity of gels
covered with water (Figure 22). TRITC-labeled dextrans were incorporated into the gel while
the assembly process, similar to the PEtOx polymers in PFG-NMR experiments, and the time-
dependent increase of the fluorescence intensity in a supernatant aqueous solution was
measured (Figure 22A).1%5% In the first minutes, a fast release is detected, where presumably
the probe molecules at the outside of the gel or in close contact with water are measured. After
several hours the release is slowed down. By fitting an exponential model, a similar exponent
could be calculated for all dextran sizes, meaning the same diffusion mechanism independent
of the size of the probe molecule can be expected. This slow release over days is already
favorable for the application in nanomedicine to ensure delivery of active pharmaceutical
ingredients over larger time scales at a constant level. Apart from large molecules also small
substances can be incorporated into the gel, however, their release is much faster. Employing

the sodium salt of fluorescein as a probe molecule, an exponential function can be fitted with
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an exponent of 0.5 resembling a Fickian diffusion (Figure 22B). A 100% release, meaning an

even distribution of the probe in the whole cuvette volume, is achieved after 80 h.

100 o
100 + 0e— e e =
n
-.. a ]
i ]
80 ~
- - s ry 1 -
oy b d A‘ _ =
& 0 / 4 . 2 .
@ - @ "
§ £ « n § 50 - "
o 40 . . -
x ' - e 10kDDextran "
A 4 70 kD Dextran -
204 s = 500 kD Dextran ]
exponential Fit ]
] exponential Fit B L] Naaﬂuoresceir)
0 1 exponential Fit exponential Fit
®
T 44 T ¥ T T 0 T Y T v T ;) T by T 1
0 50 100 150 0 20 40 60 80 100
Time (h) Time (h)

Figure 22 Diffusion kinetics of TRITC-dextrans of different molar mass (A) and Na-fluorescein (B) in gels of 3a
with 1 % 6a at 25 mg mL"! followed by fluorescence spectroscopy.

Application of such hydrogel in the cellular environment requires apart from biocompatibility,
stability, and the possibility of diffusion additionally a careful design of the mechanical
properties. Elasticity and surface modification can influence cell attachment and proliferation.
In the herein presented versatile system, several parameters can be altered to tune the
rheological behavior. Since already 1 % of an additional crosslinker yielded significantly
stronger gels, the influence of the crosslinker content on the gel strength was tested
(Figure 23A). In frequency-sweep measurements of gels at 25 mg mL™!' with different amounts
of 20 kD crosslinker 6a a maximum strength can be observed for gels with 10 % crosslinker.
Higher crosslinker contents lead to the formation of micellar aggregates and increased
backfolding, as already observed for other supramolecular gel systems.!** Additionally, the
length of the linker can be varied to tune the mechanical properties of the hydrogel
(Figure 23B). Frequency sweep measurements of the gels at 25 mg mL™! and 1 % of crosslinker
revealed, that a decrease of the linker length from 20 (6a) to 10 kD (6b) already decrease the
gel strength. The lower probability of incorporation of the crosslinker in two distinct fibers if
the crosslinker is shorter might be the reason for this. Two fibers would need to get into closer
proximity which is unfavorable due to the PEO corona. Surprisingly, this decrease in
crosslinking probability can already be observed for crosslinker lengths which are still 5 times
the size of the PEO corona (2 kD) of the SPB. This correlation is further emphasized when even
smaller crosslinkers of 6 kD (6¢) and 2 kD (6d) are used. Since two nanofibers equipped with

a 2kD PEO corona will not get in close proximity for crosslinker 6d to link them, very weak
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gels are obtained. This means backfolding of the PEO chain of the crosslinker will be favored.
Another often used parameter to tune the gel strength is the concentration. If the concentration
of the hydrogel is increased, a strong increase in storage and loss modulus can be observed, due
to an overall higher number of fibers (Figure 23C). Therefore, also an increasing number of
entanglements and crosslinks in the network can be expected which further enhances the overall
gel strength. Interestingly, a plateau is reached at a concentration of 50 mg mL"!. Therefore the
optimum composition for the strongest gel of this system with a storage modulus of around
1 kPa could be observed for a gel with a concentration of 50 mg mL"! and 10 % crosslinker 6a

(Figure 23D).
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Figure 23 Plateau modulus of hydrogels with different amounts of crosslinker 6a (c = 25 mg mL"") (A), plateau
modulus of hydrogels with 1 % crosslinker of different lengths (c =25 mg mL™") (B), and concentration-dependent
plateau modulus of hydrogels with 1 % of 6a crosslinker (C). Frequency-sweep measurement of a hydrogel of 3a
with 10 % of 6a at 50 mg mL™!' (D).

As already observed for gel 3a with 1 % 6a at 25 mg mL"!, the gel features stress-responsiveness
with self-healing characteristics, due to the supramolecular nature of the fibers. This dynamic

behavior could be observed in step-strain measurements of all gel compositions. The gel
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consisting of 3a + 10% 6a at 25 mg mL"! features the highest ratio between G’ at high and low
strain, respectively, giving a factor of 90 in step-strain measurements while recovering < 5 s.
On the contrary, the gel formed by the pure crosslinker 6a reveals only a factor of 1.5 in such
experiments and the weak gel formed by pure 3a gives only a factor of 6. The significant
enhancement therefore nicely corroborates the synergistic effect the few crosslinks induce for
the shear-thinning behavior of these supramolecular gels. Strong shear-thinning behavior can
be observed by evaluation of the proportionality of the shear rate y on the resulting shear stress
o. This is exemplarily shown for a gel of 3a with 1 % 6a and the non-crosslinked gel 3a
(Figure 24D). The viscosity decreases to a factor of 10 lower values for non crosslinked gel 3a
compared to the gel of 3a + 1% 6a. At low shear rates of 0.01 s™!, gels containing crosslinker
6a showed viscosities > 10 Pa s. However, increasing the shear rates to 1 s! the viscosity drops
to values < 50 Pa. This makes the gel applicable as injectable hydrogel since the thinning
behavior limits the resulting shear stress and for instance, reduces the formation of hematoma

n.[2# 2471 Qufficient strength,

at the injection site and facilitates subcutaneous injectio
pronounced shear-thinning properties, rapid recovery after stress relief and high stability
distinguishes these supramolecular polymer brush gels from many other presented systems. A
unique set of properties opens up the opportunity to simply extrude the gel out of a syringe or
a nozzle followed by immediate reinforcement without the need for any additional trigger or
reaction in this process. Such characteristics simplify the design of injectable drug reservoirs or
3D printing of hydrogel scaffolds since also heat-sensitive materials such as cell-loaded
polymers can be processed.[*>>262) With a simple modification a commercial 3D printer can be
employed to print prototypes. Starting by printing straight single lines of the gels with 1 % 6a
at 10, 25, and 50 mg mL"!, it could be seen that for the highest concentration of 50 mg mL! it
was not possible to print a continuous line at a syringe pump speed of 10 mL/min (Figure 24A).
The viscosity of such concentrated gel solutions, even at increased shear rates, was too high
and leads to clogging of the capillary at some moments. With lower concentrations of 25 and
10 mg mL!, no clogging and smooth extrusion could be observed. For both gels, the viscosity
at the apparent shear rate is low enough to facilitate the extrusion through the nozzle. Apart
from a good extrusion through the needle, the gel should reform immediately after the needle
tip, meaning the gel should exhibit no or weak thixotropy to form defined structures.
Additionally, the formed structures should be stable, implying the gel to be of a certain strength.
These prerequisites are met by the gel with 1 % crosslinker 6a at 25 mg mL™!. Due to its suitable
balance between shear-thinning and mechanical strength at zero stress, defined lines could be

printed. Since the gel recovers directly after the needle tip, thin lines and even the printing of
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lines on top of each other are feasible. By this approach, even a hollow self-supporting cylinder
could be printed as a proof of concept (Figure 24B). Additionally, “non-round” structures, such
as stars, were printed to prove the variability of the 3D printing approach (Figure 24C). This
processability of the gels in 3D printing methods could pave the way for a future application

e.g. as a bioscaffold for tissue engineering.[23% 260, 263-264]
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Figure 24 Printed straight lines of 50, 25 and 10 mg mL! gels of 3a with 1 % 6a (A). 3D printed hollow cylinder
with a gel of 3a with 1 % 6a (c = 25 mg mL™") (B). 3D printed star with a gel of 3a with 1 % 6a (¢ =25 mg mL™")
(C). Shear stress and apparent viscosity of gel 3a and 3a with 1 % 6a (c = 25 mg mL"") (D).

In conclusion, hydrogels from SPBs have shown to be of excellent stability and tolerate the
presence of organic solvents, salts, and even proteins. Their shear-thinning and highly dynamic
characteristics in combination with biocompatibility render them to be interesting candidates
for 3D printing methods to obtain, for instance, scaffolds for 3D culture or tissue engineering.
Due to the resemblance of fibrillary hydrogels to the extracellular matrix (ECM), the
incorporation of cells into the gel may lead to further advances in this area of research.[23326%]
Here, the brush-structure bears significant advantages as already shown for block-copolymer
worm-like micelles that have been applied in the culture of human pluripotent stem cells and

lung epithelial cells.[*> 266-267) Fyrther advantages from fibrillar hydrogels of LMWG, as
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improved mass transport, compared to molecular hydrogels, and the easy functionalization with
e.g. growth factors and cell-adhesive ligands renders supramolecular polymer brush gels

(233] However,

applicable for future research on biocompatible and even biomimetic hydrogels.
the effect of the nanoscale structure on stress relaxation remains elusive so far. Apart from that,
further research has to be conducted on functionalized SPB hydrogels to improve cell adhesion
and proliferation. Nonetheless, their responsiveness, stability, and biocompatibility pave the

way for further interesting research and application possibilities.
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5. Summary

Inspired by the complexity in nature’s molecular assemblies, scientists thrive to transfer these
concepts to the field of synthetic chemistry. By employing supramolecular chemistry, dynamic
materials of different size and shape, however mostly lacking the complexity found in nature,
are accessible. Nature's ability to organize macromolecular building blocks into hierarchical 1D
structures inspired chemists to employ an interplay between polymer science and non-covalent
synthesis to generate various anisotropic supramolecular polymeric systems with interesting
properties, such as stimuli-responsiveness and a dynamic character. One way to form
1-dimensional, supramolecular polymer structures, is to employ weak directed interactions such

as hydrogen bonds.

This thesis aimed to evaluate the prerequisites for the formation of supramolecular polymer
bottlebrushes (SPBs) via the self-assembly of 1,3,5-benzene trisamides (BTA) equipped with
polymer chains in water (Figure 25 lower left). To do so, the influence of interaction strength
between the self-assembly units, the hydrophobic shielding, and the hydrophilicity of the
polymer exterior was evaluated. Here, the strong effect of the packing parameter and thus the
hydrophilic/hydrophobic ratio of the building block could be observed. Increasing the
hydrophobic part by employing a larger alkyl spacer of 12 methylene units, the aggregation
obtained for the assembly of BTA could not be shifted to a pure fiber morphology phase. The
necessity of an increased number of hydrogen bonds could be proven for the formation of SPBs
if a PEO chain of 2kD is attached to the self-assembly motif. To do so, urea groups have been
employed instead of amides, to overcome the strong influence of the packing parameter. Larger
PEO-chains shifted the morphology again to micellar phases or even the dissolution into
unimers in solution. Changes in the structural appearance of the amphiphiles by incorporation
of an increased number of polymer arms resulted in isotropic morphology phases, too. The
steric constraints and increased hydrophilicity could only be counterbalanced by an increased
number of hydrogen bonds. Solely, benzene trisureapeptides (BTUPs) have shown the
formation of columnar aggregates even if 3 polymer chains were attached.

Furthermore, the assembly mechanism of the resulting SPBs and the possibility of employing
kinetic control over the system to tune the resulting sizes of the SPBs were examined
(Figure 25 upper left). The hydrophobic effect, which is beside the hydrogen bonding the main
driving force for the self-assembly, often leads to the formation of kinetically trapped states and
pathway-dependent morphology phases, whose presence could also be proven for the herein

presented system. By employing a solvent-switch method, where water was added slowly to
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organic solutions of BTU and BTP to induce self-assembly, micrometer-sized fibers could be
obtained. The size of the fibers could be adjusted dependent on the water addition rate
(Figure 25 upper right). By increasing the addition speed smaller structures could be
synthesized. The smallest structures featuring micelles for BTP could be generated by utilizing
a quenching method, where the organic solution of the building block was immersed into an
excess of pure water. However, employing the solvent switch method, mostly broad size
distributions were obtained. A real living assembly of these SPBs to form fiber distributions
with low size dispersity is therefore still beyond reach. Nonetheless, controlling the processing
parameters to adjust the length of these SPBs, paves the way to a straightforward synthesis of
tailored 1D polymer assemblies, which has so far only been achieved by crystallization-driven
self-assembly for macromolecules. Apart from kinetical control over the length distributions,
two top-down approaches by the utilization of ultrasonication and dual asymmetric
centrifugation were tested. This approach yielded even small oligomeric particles, dependent
on the time and shear forces applied. To understand the fiber formation on the molecular level,
the self-assembly mechanism was studied. The aggregation proceeds in a cooperative manner,
which can be concluded from the rapid onset of aggregation into readily big particles after a
nucleation phase. It could be observed, that in e.g. THF already a pre-aggregation into
oligomeric particles takes place. Increasing the water content, a helical inversion with additional
lateral aggregation occurs, resulting in immediate cooperative growth of the fibers without the
presence of micellar phases.

Further research has been conducted on the interaction between fibers from BTU obtained by
pathway-dependent self-assembly at higher concentrations (Figure 25 lower right).
Surprisingly, gelation can only be observed at concentrations 400 times bigger than the
calculated overlap concentration. From that, high stiffness and decreased fiber interactions due
to the polymer corona can be concluded. At high concentrations the systems gels due to the
entanglement of the SPB fibers. Since these gels are of supramolecular nature, the aggregates
can be reversibly broken. This dynamic could be measured for BTU hydrogels, which exhibited
stress-responsiveness and self-healing abilities. The gel strength could recover to 100 % even
after high strains of 200 % were applied. Here, the nanofiber is ruptured upon high deformation
and thus “active chain ends” are formed. Due to the hydrophobic effect, these ends reassembly
immediately upon stress relief. This behavior could be preserved even after the reinforcement
of the gel via additional crosslinkers. Improved gel strengths could be measured when 1 % of a
bivalent BTU-PEO-BTU conjugate was added. The amount of crosslinker, however, was

crucial to obtain strong gels. Crosslinker contents > 10 % led to decreased gel strength due to
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increased backfolding and the formation of micellar structures. Further changing the length of
the crosslinker and the overall concentration of the gel, the gel strength and responsiveness
could be tuned. By utilizing a gel with 1 % crosslinker of 20 kD at an overall concentration of
2.5 wt%, stable, stress-responsive and even biocompatible hydrogels could be synthesized.
Since these gels can be processed by 3D printing because of their shear-thinning properties, and
still allow for the diffusion of macromolecules and small substances, this system may be

applicable as an injectable hydrogel drug reservoir or in tissue engineering as a 3D cell scaffold.
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Figure 25 Thematic overview of the thesis: Evaluation of the premises for the formation of SPBs based on a
1,3,5-substituted benzene motif (lower left), studies about the mechanism of self-assembly (upper left) and the
exploitation thereof to adjust the size distributions of the nanofibers by either exhibiting kinetic control or top-
down methods, such as ultrasonication or dual asymmetric centrifugation of the nanofibers (upper right).
Employing the interactions between nanofibers to synthesize dynamic, biocompatible hydrogels by additional
crosslinking (lower right).
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6. Zusammenfassung

Inspiriert von der Komplexitdt der molekularen Strukturen in der Natur versuchen
Wissenschaftler bis heute, diese Konzepte auf die synthetische Chemie zu {ibertragen. Mit Hilfe
der supramolekularen Chemie lassen sich dynamische Materialien unterschiedlicher Grof3e und
Form herstellen, denen es jedoch meist an der in der Natur vorkommenden Komplexitit
mangelt. Die Fdhigkeit der Natur, makromolekulare Bausteine in hierarchischen
eindimensionalen Strukturen anzuordnen, hat Chemiker dazu inspiriert, ein Zusammenspiel
zwischen Polymerwissenschaft und supramolekulare Chemie zu nutzen, um verschiedene
anisotrope, supramolekulare, polymere Systeme mit interessanten Eigenschaften wie einer
hohen Dynamik und Reaktionsfiahigkeit gegeniiber dufleren Reizen zu erzeugen. Eine
Moglichkeit eindimensionale, supramolekulare Polymerstrukturen zu bilden, besteht darin,
schwache gerichtete Wechselwirkungen wie Wasserstoffbriicken zu nutzen.

Ziel dieser Arbeit war es, die Voraussetzungen fiir die Bildung von supramolekularen Polymer-
Flaschenbiirsten (SPBs) durch die Selbst-Assemblierung mit Polymerketten funktionalisierter
1,3,5-Benzoltrisamide in Wasser zu untersuchen (Abbildungl). Dazu wurde der Einfluss der
Wechselwirkungsstirke zwischen den Selbstassemblierungseinheiten, der hydrophoben
Abschirmung und der Hydrophilie der Polymerhiille untersucht. Dabei konnte der starke
Einfluss des Packungsparameters und damit des hydrophilen/hydrophoben Verhiltnisses des
Bausteines beobachtet werden. Durch die Erhohung des hydrophoben Anteils iiber die
Verwendung einer grofleren Alkylkette von 12 Methyleneinheiten konnten jedoch keine reinen
Fasermorphologien erhalten werden, wenn Amidgruppen verwendet wurden. Die hohe
Hydrophilie durch die Funktionalisierung mit PEO (2kD) macht eine erhdhte Anzahl von
Wasserstoffbriickenbindungen notwendig. Durch die Verwendung von Harnstoffgruppen
anstelle von Amiden konnte der starke Einfluss des Packungsparameters iiberwunden werden.
GroBere PEO-Ketten verschieben die Morphologie wieder zu mizellaren Phasen oder sogar
unimeren Losungen. Verdnderungen im strukturellen Erscheinungsbild der Amphiphile durch
den FEinbau einer erhohten Anzahl von Polymerarmen fiihrten ebenfalls zu isotropen
Morphologiephasen. Die hohen sterischen Anspriiche mehrerer Polymerketten und die damit
einhergehende erhohte Hydrophilie konnten nur durch eine groBere Anzahl von
Wasserstoffbriickenbindungen ausgeglichen werden. Lediglich bei Benzol-Trisureapeptiden
(BTUP) konnte die Bildung eindimensionaler Aggregate auch bei Funktionalisierung des
Bausteins mit 3 Polymerketten nachgewiesen werden. Hier wurde zudem die, fiir diese Systeme

oftmals beobachtete, laterale Aggregation komplett unterbunden.
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Zusammenfassung

Dariiber hinaus wurden der Assemblierungs-Mechanismus der resultierenden SPB und die
Moglichkeit einer kinetischen Kontrolle des Systems zur Beeinflussung der resultierenden
GroBen der SPB untersucht. Der hydrophobe Effekt, der neben der Wasserstoftbriickenbindung
die Haupttriebkraft fiir die Selbstorganisation ist, fithrt hiaufig zur Bildung von kinetisch
gefangenen Zustdnden und Morphologiephasen, welche abhingig vom Praparationsweg sind.
Diese konnten auch fiir das hier vorgestellte System nachgewiesen werden. Durch die
Anwendung einer Solvent-Switch-Methode, bei der Wasser langsam zu organischen Losungen
von BTU und BTP hinzugegeben wurde, um die Selbstorganisation zu induzieren, konnten
mikrometergro3e Fasern erhalten werden. Die GroB3e der Fasern konnte in Abhéngigkeit von
der Zugabegeschwindigkeit des Wassers eingestellt werden. Durch schnellere Zugabe konnten
kleinere Strukturen synthetisiert werden. Die kleinsten Strukturen mit Mizellen fiir BTP
konnten mit Hilfe einer Quench-Methode erzeugt werden, bei der die organische Losung des
Bausteins zu einem Uberschuss an reinem Wasser gegeben wurde. Generell wurden jedoch
meist breite Grofenverteilungen erhalten. Eine echtes lebendes Wachstum dieser SPBs und
somit die Bildung von GroBenverteilungen mit geringer Dispersitéit ist daher noch nicht
moglich. Nichtsdestotrotz ebnet die Kontrolle {iber die Assemblierungsparameter der SPB den
Weg zu einer unkomplizierten Synthese malgeschneiderter 1D-Polymer-Assemblies, die
bisher nur durch kristallisationsgesteuerte Selbstassemblierung fiir Makromolekiile erreicht
werden konnte. Neben der kinetischen Kontrolle wurden zwei Top-down-Ansétze unter
Verwendung von Ultraschall und dualer asymmetrischer Zentrifugation zur Kontrolle der
GroBenverteilung getestet. Dieser Ansatz ergab sogar kleine oligomere Partikel, abhéngig von
der Zeit und den angewandten Scherkriften. Um die Faserbildung auf molekularer Ebene zu
verstehen, wurde der Mechanismus der Selbstassemblierung untersucht. Die Aggregation
verlauft nach einem kooperativen Mechanismus, was sich aus dem raschen Beginn der
Aggregation zu groflen Partikeln nach einer Nukleierungsphase schlieBen ldsst. Es konnte
beobachtet werden, dass z.B. in THF bereits eine Voraggregation zu oligomeren Partikeln
stattfindet. Mit steigendem Wassergehalt kommt es zu einer Inversion der gebildeten Helix und
einer zusédtzlichen lateralen Aggregation, die zu einem sofortigen kooperativen Wachstum der
Fasern fiihrt. Interessanterweise werden keine mizellaren Zwischenmorphologien erzeugt
sondern direkt ein 1D Wachstum zu zylindrischen Aggregaten.

Weitere Untersuchungen wurden zur Interaktion zwischen Fasern aus BTU durchgefiihrt, die
durch pfadabhingige Selbstorganisation bei hoheren Konzentrationen gewonnen wurden.
Uberraschenderweise kann die Gelierung erst bei Konzentrationen beobachtet werden, die 400

Mal groBer sind als die berechnete Uberlapp-Konzentration. Daraus ldsst sich eine hohe

61



Zusammenfassung

Steifigkeit und eine verringerte Faserinteraktion aufgrund der Polymerkorona ableiten. Bei
hohen Konzentrationen geliert das System aufgrund der Verschlaufung der SPB-Fasern.
Aufgrund ihrer supramolekularen Eigenschaften, konnen die Aggregate reversibel zerlegt und
erneut aufgebaut werden. Diese Dynamik konnte bei BTU-Hydrogelen gemessen werden, die
auf Belastungen reagierten und Selbstheilungsfahigkeiten aufwiesen. Die Festigkeit des Gels
konnte sich selbst nach hohen Deformationen von 200 % vollstindig erholen. Dabei wird die
Nanofaser bei starker Verformung zerrissen und es bilden sich "aktive Kettenenden". Aufgrund
des hydrophoben Effekts fiigen sich diese Enden sofort wieder zusammen, wenn keine
Krafteinwirkung vorhanden ist. Dieses Verhalten konnte auch nach der Verstiarkung des Gels
durch zusitzliche Vernetzer beibehalten werden. Bei Zugabe von 1 % eines bivalenten BTU-
PEO-BTU-Konjugats konnten verbesserte Gelstirken gemessen werden. Die Menge des
Vernetzers war jedoch entscheidend, um starke Gele zu erhalten. Vernetzergehalte > 10 %
fiihrten zu einer verminderten Gelfestigkeit aufgrund eines verstirkten Einbaus in einer
Nanofaser und der Bildung mizellarer Strukturen. Durch weitere Verdnderung der Linge des
Vernetzers und der Gesamtkonzentration des Gels konnten die Festigkeit und die Dynamik des
Gels eingestellt werden. Bei Verwendung eines Gels mit 1 % Vernetzer mit einer Lange von
20 kD bei einer Gesamtkonzentration von 2,5 Gew.-% konnten stabile, selbst-heilende und
sogar biokompatible Hydrogele synthetisiert werden. Da diese Gele aufgrund ihrer
scherverdiinnenden Eigenschaften im 3D-Druckverfahren verarbeitet werden kénnen und
dennoch die Diffusion von Makromolekiilen und kleinen Substanzen ermdglichen, konnte
dieses injizierbare Hydrogel als Arzneimittelreservoir oder in der Gewebekonstruktion als

3D Zellgeriist eingesetzt werden.
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Mechanismus der Selbst-A

Nukleierung
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Abbildung 1: Ubersicht der behandelten Themen: Voraussetzungen fiir die Bildung von supramolekularen
Polymerbiirsten basierend auf einem 1,3,5-substituiertem Benzol (unten links), Studien zum Mechanismus der
Selbst-Assemblierung (oben links) Einstellung der GroBenverteilung der Nanofasern iiber kinetische Kontrolle
(,,bottom-up*) oder ,,top-down* Methoden (oben rechts). Bildung von dynamischen, biokompatiblen Hydrogelen

aufgrund der Wechselwirkungen zwischen Nanofasern und zusétzlicher Vernetzung (unten rechts).
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The field of supramolecular chemistry has long been known to generate complex materials of different
sizes and shapes via the self-assembly of single or multiple low molar mass building blocks. Matching the
complexity found in natural assemblies, however, remains a long-term challenge considering its precision
in organizing large macromolecules into well-defined nanostructures. Nevertheless, the increasing
understanding of supramolecular chemistry has paved the way to several attempts in arranging synthetic
macromolecules into larger ordered structures based on non-covalent forces. This review is a first attempt
to summarize the developments in this field, which focus mainly on the formation of one-dimensional,
linear, cylindrical aggregates in solution with pendant polymer chains — therefore coined supramolecular
polymer bottlebrushes in accordance with their covalent equivalents. Distinguishing by the different supra-
molecular driving forces, we first describe systems based on m—n interactions, which comprise, among
others, the well-known perylene motif, but also the early attempts using cyclophanes. However, the
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such as nanomedicine,"™ rheology modifiers*® or electronics
and photonics.”® In combination with the plethora of available
polymers, anisotropic nanostructures have been built up featuring a
variety of functionalities'* or stimuli-responsive behavior.'* To high-
light only one potential application, such 1D polymer nano-
structures promise several advantages such as longer circulation
lifetime or higher affinity for target cells over their spherical
analogs in nanomedicine."*>°

So far, the dominating method to yield such nanostructures
relies on the self-assembly of block copolymers. By adjusting the
fraction of the blocks, not only spherical or lamellar structures
are accessible, but also cylindrical.”**>® However, despite several
decades of research, the certain prediction of morphologies in
block copolymer self-assembly, especially in solution remains
difficult and often mixtures of different morphologies are
obtained.>’ ! Extremely slow dynamics and kinetically trapped
states further cause pathway-dependent differences and thus
complicate the overall process.>® In order to overcome these
obstacles, additional directional driving forces based on hydro-
gen bonds®? or n-n interactions®® were introduced to the block
copolymers favoring the formation of fiber-like structures. The most
promising attempt for controlled assembly of block copolymers
so far is certainly the crystallization driven self-assembly (CDSA)
process which relies on the epitaxial crystallization of one polymer
block resulting in a living growth of the nanostructures.>**' Another
concept is based on liquid crystals, which found widespread
application in the structuring of polymers in particular in the
bulk.*” This leads to interesting properties and dynamics and favors
the development of a variety of functional supramolecular materials
exhibiting ferroelectric, photonic or conductive properties.** ™
Interested readers are here referred to the given literature, while
overlapping aspects with our topic are discussed in Section 2.2.%5>*

In this context, reference should also be made to quasi block
copolymers since they occupy an intermediate position, com-
bining the microphase segregation of BCPs and the dynamic
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properties of directed supramolecular self-assemblies.>*® Hereby,
the hierarchical self-assembly of polymeric structures can further
be achieved by employing coordination complexes via metal-
ligand®”® or host-guest interactions.>*®

In contrast to the above mentioned supramolecular forces
involved in the block copolymer self-assembly, 1D polymer nano-
structures can also be built up by covalent bonds. Such covalent
polymer bottlebrushes are synthesized by different grafting strategies
(mainly grafting-to, grafting-from, and grafting-through) which
create a densely grafted polymer backbone resulting in a stretched
conformation of the polymer arms.®® Several excellent reviews
summarize their synthesis, the resulting properties, and potential
applications of these covalently bound bottlebrushes.®®”* With the
continuous development of efficient synthetic tools, these very
large macromolecules can still be tuned in terms of their length or
their diameter’* which makes them particularly attractive for
applications in nanomedicine.”>**

The herein summarized supramolecular polymer bottlebrushes
(SPB)# represent a hybrid between supramolecular polymers and
the previous mentioned covalent bottlebrushes to create 1D
nanostructures by physical interactions. In contrast to the self-
assembly of block copolymers, defined low molar mass building
blocks are utilized to create directed interactions and, thus, a
supramolecular polymer backbone to which covalent polymer
chains are densely grafted (Fig. 1). Numerous organic molecules
have been reported to date, which form supramolecular polymers
and even might feature a controlled or living assembly.”®3~%°
The structures range from small gelators to complex aromatic
transport systems and their assembly is in most cases well
understood including the underlying thermodynamics (causing,
for example, isodesmic or cooperative assembly pathways,

+ The term supramolecular polymer bottlebrush was deliberately chosen as a
compromise between supramolecular polymer brush and supramolecular bottle-
brush which were both used in literature. The rearrangement in the terminology
should further emphasize the contrast to common bottlebrush polymers and
their covalent backbones.
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Fig. 1 Schematic illustration of different strategies to obtain polymer based, bottlebrush-like structures. From left to right: block-copolymer self-
assembly defined by the packing parameter, covalent polymerization (here depicted: grafting-through approach), and supramolecular self-assembly by

directed supramolecular interactions as summarized in this review.

which was nicely described by Meijer et al).”® So far only an
exclusive selection of such molecules have been reported to be
suitable for the creation of supramolecular polymer bottle-
brushes, which requires stronger forces to overcome the additional
steric demands of the attached polymer chains.

However, the combination of polymers and supramolecular
building blocks promises advantages of both sides, e.g. the versatile
functionalities within the macromolecule and an element for
reversible hierarchical organization. Nature gives the best example
for such a combination when the self-assembly of proteins is
considered. These macromolecules are for example able to form
dynamic micrometer-sized filaments, the microtubules, by supra-
molecular interactions that not only act as part of the skeleton of a
eukaryotic cell but also provide the platform for cellular transport
mechanism.”" " Synthetic chemistry is still far from the complexity
of nature, but the assembly of polymeric units into more ordered
structures such as the presented supramolecular polymer bottle-
brushes represents a promising development for more complex
hierarchical structures.®*°*'% In particular, the dynamics and the
modularity of supramolecular self-assembly offers a unique

potential for the design of functional anisotropic nanostructures
in solution.®® In contrast to covalent bonds and the strong forces
created by crystallization, the relatively weak non-covalent inter-
actions are at the origin of the dynamic nature which facilitates
a triggerable assembly or disassembly of the supramolecular
structures. However, the construction of a supramolecular back-
bone in a polymer bottlebrush requires to overcome the repulsion
forces arising from the steric demands of the polymer chains. The
much lower bond energies of typical supramolecular forces such
as hydrogen bonds, m-stacking or van der Waals interactions
compared to covalent bonds necessitate often the combination
of multiple interaction sites to enable the assembly. For comparison,
covalent bonds have homolytic dissociation energies in the range of
100-400 kJ mol*, while for example the dissociation of hydrogen
bonds requires energies between 10-65 k] mol™ ' (Fig. 2).'%°
Moreover, these forces need to be directional for the creation of
ordered systems, i.e. the interaction of two units or the addition
of another building block is only favored in one particular
position aligning the overall assembly. This prerequisite
excludes, for example, most ionic or van der Waals interactions.

300 200 100 50 25 0 [kJ/mol]
— | | | l
| | | |
Covalent (400- 100)
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]
Hydrogen bonds (65 - 10)
.

B —

Directionality of the interaction

Fig. 2 Bond energies according to J. W. Steed and J. L. Atwood, Supramolecular Chemistry, Wiley, 200
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Overall, a fine balance of interactions is required in such
materials to guarantee their assembly but still ensure their
processing and preserve their dynamic nature. Therefore, it is
no surprise that only about a dozen of structural motifs have so
far been reported for the formation of supramolecular polymer
bottlebrushes. Within this review, we aim at summarizing these
different self-assembly motifs and highlight some potential
candidates for the future. The interactions between the structures
rely mostly on the formation of strong hydrogen bonds or n-stacking
between rather large planar aromatic systems. In each case, we first
describe the self-assembly of the individual motifs on some selected
examples. The focus, however, will remain on developments
to integrate these materials into polymers to generate supra-
molecular polymer bottlebrushes.

2. Structure formation by n—n
interactions of aromatic systems
2.1. Planar unsaturated cyclophanes

These rigid, shape-persistent macrocycles consist of a frame-
work of unsaturated hydrocarbons, which adopt a mostly planar
conformation. This conformation of the conjugated phenylene
and ethynylene units maximizes the contact area between
adjacent rings and enables the formation of strong van der
Waals and n-n interactions (Fig. 3). These structures are among
the first materials used for the formation of supramolecular
polymer bottlebrushes in solution.’®” The exterior of these
macrocycles can be modified with different substituents to
improve their solubility or to exploit additional solvophobic
effects and hence, enhance their self-assembly.'*® The synthesis of
these rigid macrocycles involves several steps of metal-catalyzed
coupling reactions.'*'* Their aggregation in chloroform was first
reported in 1992 by Zhang and Moore when they observed a
concentration-dependent proton shift of the aromatic protons in
"H-NMR experiments.""""> In general, ring size, solvent choice
and steric hindrance e.g. by introduction of bulky substituents
such as tert-butyl groups are the main parameters influencing the
stacking of these rigid macrocycles. The solubility in a broader
range of solvents, including for example acetone and DMSO was
improved with the addition of (ethylene glycol) ester side chains.
As a consequence, Lahiri et al. found that a solvophobic effect in

T-Tt interactions

Fig. 3 Possible self-assembly pattern of phenylene ethynylene macro-
cycle to fibrillar structures.
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the more polar solvents enhances the n-stacking which led to the
formation of larger aggregates than dimers.""?

Apart from small oligo ethylene glycol (OEG) substituents,
also polymeric side chains that are incompatible with the cyclic
framework can be attached. Upon dissolution in a selective
solvent of the polymeric side chains, a block-like coil-(rigid)
ring-coil polymer structure is formed. Rosselli and coworkers
attached polystyrene (PS) chains (DP = 25) to a phenylene-
ethynylene macrocycle 1 (Fig. 4a), resulting in a birefringent
material in cyclohexane that formed a gel upon cooling. The
gelation occurred due to the aggregation of the cyclic backbone
when cooled, whereas the side chains remain solubilized.
Careful choice of the length of the polymeric side chain is
crucial to still achieve solubility while maintaining aggregation.
Small angle X-ray scattering (SAXS) and ultra-small angle X-ray
scattering (USAXS) measurements revealed the existence of
hollow cylindrical structures with an external diameter of
10 nm and a lumen of 2 nm. Transmission electron microscopy
(TEM) and atomic force microscopy (AFM) (Fig. 4b) showed the
formation of ribbon-like structures with a large radius of
curvature indicative of their rigidity."'*""> After slow evaporation
of the cyclohexane, the resulting films were investigated by X-ray
analysis. The scattering profiles showed a microphase separation
of the crystallized macrocycles from the amorphous PS phase
(Fig. 4d)."*® The assembly and disassembly of this system were
studied in temperature-dependent SAXS measurements. Below
40 °C, a solution of the macrocycle with PS side chains (DP = 25)
in cyclohexane formed large tubular structures with a length of
about 400 nm besides some unimers. This behavior was assigned
to the f-temperature of 34 °C for PS chains in cyclohexane. Above
this temperature, the swelling of polymer chains increases con-
tinuously and, therefore, more space is occupied by the PS side
chains causing a disassembly. In conclusion, at temperatures
below 34 °C the concentration of unimeric macrocycles is declin-
ing and below 25 °C there is a narrow temperature range where
only tubular structures are present. Increasing the temperature
leads to increased solubility of the macrocycles. Therefore, the
concentration of aggregated macrocycles decreases and at 40 °C
all macrocycles are molecularly dissolved. Hereby, the cylinder
length remained high over the whole temperature range, while
only the concentration of aggregated macrocycles in the solution is
declining with increasing temperature,"” indicating cooperative
self-assembly."*® Furthermore, the kinetics of the temperature-
induced aggregation of the PS modified macrocycle 1 were investi-
gated using magnetic-field-induced solution birefringence (Fig. 4c).
Hereby, solutions of the molecularly dissolved macrocycles in
cyclohexane were cooled down to various temperatures between
10 °C and 18 °C to cover the temperature region where no
molecularly dissolved macrocycles are present and analyzed over
a time range of up to 400 h. This technique allows to distinguish
ordered and disordered macrocycle aggregates and gives insight
into the large time scales that are necessary to form aggregates.
With the use of solution birefringence at temperatures below
18 °C, three consecutive stages of molecular formation could be
distinguished: disordered objects, ordered fibers (after 10-50 h)
and finally the formation of large networks (>50 h).'*

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Structure of the coil-ring-coil macrocycle 1 (n =~ 25). (b) AFM image of a 10~® M solution of macrocycle 2 drop-casted on mica. (c) Time-
dependent solution birefringence at B = 20 T and at different temperatures. (ll) Shows the development of ordered fibers from the disordered state (I).
Eventually, large networks are formed (I1l). Adapted with permission from ref. 96 Copyright (2009) American Chemical Society.'® (d) Aggregation of
molecularly dissolved coil-ring-coil macrocycles to supramolecular polymer bottlebrushes in solution and formation of lamellar structures in the solid

phase. Adapted with permission from ref. 116 Copyright (2003) John Wiley and Sons.

Additionally to these findings, the kinetics of aggregate
formation were investigated via AFM measurements of amine-
functionalized shape-president phenylene-ethynylene macro-
cycles 2 modified with polystyrene (Fig. 5a). These macrocycles
bear amide moieties on the side chains which are hydrogen
bonds promoting groups in addition to the n-stacking of the
macrocycles. It could be shown that the self-assembly starts
from small isotropic aggregates. The anisotropic growth and
therefore, the building of larger supramolecular polymer bottle-
brushes (Fig. 5b) is slower compared to the macrocycles without
additional amide moieties. No enhanced aggregation due to the
additional intermolecular hydrogen bonds could be observed
compared to macrocycles lacking amide groups.'*°

In comparison to the following motifs, these planar cyclo-
phanes have received less attention for the formation of SPBs in
recent years, but they have certainly inspired subsequent devel-
opments in the field.

2.2. Linear rigid aromatic units

Another substance class capable of assembling into supramo-
lecular fibers in solutions are aromatic rod-coil amphiphiles.
These consist of a hydrophobic, rigid rod-like aromatic structure
to which hydrophilic, flexible coil-like blocks are attached. They
are known to form a rich variety of liquid crystalline phases in the
bulk state, which is driven by the microphase segregation as a
consequence of the incompatibility of the dissimilar blocks."**
The defined length of their rigid aromatic segment distinguishes

This journal is © The Royal Society of Chemistry 2020
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them from the class of rod-coil-block-copolymers."** The latter
ones are structurally similar, but contain a rigid aromatic block
that exhibits a length distribution. The observed orientational
organization is the result of the stiff rod-like conformation of the
aromatic block. Turning the focus to solutions, many different
supramolecular architectures can be obtained in organic solvents,"*
water'*! or mixtures thereof'> as nicely reviewed by Hoeben et al.'*®
These architectures can be tailored by the variation of the relative
volume fractions of the respective blocks as well as by the geometry
of the stiff aromatic blocks. The group of Lee nicely demonstrated
the impact of the relative volume ratio of the dissimilar blocks on the
resulting morphology of the supramolecular assemblies in water
(Fig. 6)."*” Whereas the rod-coil molecule 3 based on a tetra-p-
phenylene rod block and a flexible PEG (DP = 23) block formed
small spherical micelles in water, the analogous molecule 4 with
a decreased PEG length (DP = 12) resulted in the formation of
vesicular structures. In contrast to that, cylindrical aggregates
were obtained for molecule 5 with a twin-rod block.

Helical nanofibers in water could be obtained with dumbbell-
shaped'®® as well as with rigid-flexible macrocycles.”* A rigid
aromatic macrocycle with flexible PEG dendrons in its periphery
was shown to form several hundred nanometers long SPBs in
water and in addition to be a suitable solubilizer for single-walled
carbon nanotubes in water."*® The Lee group was also able to
obtain supramolecular polymer bottlebrushes with T-shaped rod-
coil amphiphiles.’*! Due to their OEG dendrons, these molecules
exhibited a thermoresponsive behavior and a sol-to-gel transition

Chem. Commun., 2020, 56, 5079-5110 | 5083


https://doi.org/10.1039/d0cc01202e

Published on 16 April 2020. Downloaded by Thueringer Universitats Landesbibliothek Jena on 8/11/2021 12:21:11 PM.

Feature Article

Fig. 5 (a) Structure of coil-rod-coil macrocycle with additional amide
functionalities. (b) TEM micrograph of fibers of macrocycle 2 in cyclohex-
ane. Adapted with permission from ref. 120 Copyright (2010) American
Chemical Society.*?°
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upon heating. This transition was caused by the cleavage of
hydrogen bonds between the OEG units and surrounding water
molecules, resulting in a higher hydrophobicity and hence stronger
interaction between the brushes. Furthermore, the group of Jin
could show the potential of an aromatic rod-coil amphiphile
consisting of four biphenyl groups connected to PEG with a DP of
17 to assemble into cylindrical aggregates."*> These were able to act
as a nanoreactor for a Suzuki cross-coupling in aqueous solution.
Apart from using rather short polymeric coil segments, also longer
PEG chains (DP = 45) have been used in combination with oligo
phenylene-vinylene blocks to obtain fibers even in very dilute THF/
water mixtures (Fig. 7a).">> The same group also reported a fiber
formation in water/THF mixtures when poly(propylene oxide) (PPO)
chains were attached (Fig. 7b)."** SANS and SAXS measurements
proved that the cylindrical structures consisted of an inner core built
up by oligo(phenylene vinylene) and a PEG or PPO corona for 6
and 7, respectively.

An example for the gelation properties of aromatic rod-coil-
amphiphiles was reported in a study by Zubarev et al. in which they
synthesized a block-like polymer, consisting of a hydrophilic den-
dron core linked by a rigid rod biphenyl segment to an oligomeric
isoprene coil segment (DP = 9)."**'** They defined this system as a
dendron-rod-coil molecule. This molecule could induce gelation in
several organic solvents. The formation of nanoribbons could even
be verified in DCM at a very low concentration of 0.2 wt% and is
triggered by noncovalent interactions including hydrogen bonding
of the hydroxyl functionalities at the exterior of the dendron and the
n-stacking of the biphenyl units of the rod structure.

2.3. Rylene-type aromatics

Already a century ago Jelley and Scheibe discovered the formation
of stacked aggregates of cyanine dyes, which were named after

SN
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Fig. 6 Molecular structures of 3-5, schematic representation of their aqueous self-assemblies and their respective TEM images. Adapted with
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Fig. 7 TEM image of (a) 6 and (b) 7 cast from 0.5 mg mL™* solutions in
THF/H,O mixture onto a copper grid. (a) Adapted with permission from
ref. 101 Copyright (2000) American Chemical Society.*?® (b) Adapted with
permission from ref. 133 Copyright (2004) John Wiley and Sons 133

their discoverer, J-type aggregates."***® Apart from those cyanine
dyes, a very prominent motif for self-assembly by n-n interactions
are rylene-type dyes, such as for example perylenes."”*™** Perylene
dyes also show a tendency to form columnar stacks due to the
n-7 interaction of the large m-systems.'*> By the introduction of
bay-substituents to perylene-bisimides, the interaction between
the n-systems is decreased, resulting in a bathochromic shift that
is characteristic for the formation of J-type aggregates.'*® Hereby,
the dyes exhibit a longitudinal shift in the aggregation pattern,
forming a ladder-type structure. For perylene-bisimides without
bay-substituents and therefore very planar m-system, a hypsochr-
omy can be observed, resulting from H-aggregation. Whether the
type of off-set is of longitudinal, transverse or rotational nature is
often difficult to elucidate. In water or alcohol, the strength of the
-7 interaction increases, because water cannot solvate well the
n-systems. This fact can be employed for the self-assembly of
perylene bisimides (PDIs) in water. By utilizing solubilizing sub-
stituents, one-dimensional aggregates can also be obtained in
aqueous environment.'*”**® This solubility led to different appli-
cation possibilities as e.g. hydrogelators."*® Combining the pery-
lene bisimide with Newkome-type dendrimers linked via chiral
amino acids opened the way to develop chiral supramolecular
structures in water."® Self-assembly into well-defined helically
wound nanorods™" in water could further be obtained for PDIs
equipped with short OEG chains due to strong n-stacking of the
planar aromatic cores. Exemplarily, the general self-assembly
behavior of perylene dyes is depicted in Fig. 8.">> With increasing
concentration fusion and fission processes could be observed,
where nanorods merged or divided in a side-by-side manner.

An example of a kinetically controlled PDI polymerization
was recently reported by Wagner."** They successfully used PDI
derivatives in a kinetically controlled seed-induced polymerization
to yield supramolecular block copolymers by hydrogen bond
induced intermolecular aggregation. This seeded growth
mechanism has already been used to obtain fibers with con-
trollable lengths and low dispersities in a living supramolecular
polymerization.">*"®

This journal is © The Royal Society of Chemistry 2020
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n-stacking

Fig. 8 Schematic depiction of the general self-assembly of perylene
bisimide dyes with rotational off-set to long rigid nanorods. Adapted with
permission from ref. 152 Copyright (2014) John Wiley and Sons.*>2

The group of Frauerath conducted extensive research on
oligomer and polymer functionalized PDIs. For instance, poly-
isoprene (DP = 15) modified PDI with B-sheet forming peptides
self-assembled in dichloromethane or trichloroethane (TCE)
into fibrils."®® With the incorporation of peptides, the for-
mation of hydrogen bonds and =n-stacking could be strength-
ened and facilitated independently of each other. Microfibers
could be obtained by solution-spinning of a nanofiber solution
in TCE into MeOH. These microfibers can allow for efficient
charge transport and can thus be used as a model system in
organic semiconductors.”®” This study also evidences the
necessity of a careful design of the building blocks and a good
balance of the interaction forces required to achieve well-
defined one-dimensional structures. Indeed no aggregation
was observed for the previous structural motif without peptide
sequences.">®

Further work on the self-assembly of PDIs was done by the
group of Rybtchinski, who conducted extensive research on
polymer functionalized PDIs and their aggregation into one-
dimensional structures."****° In a first work, they found out
that a perylene bisimide dye equipped with PEG substituents
(DP = 17) can be reduced in water to obtain a stable dianion
(Fig. 9)."°° Due to its extended n-system upon reduction, a
higher aromatic stabilization makes protonation in water very
unfavorable and leads to the formation of a very stable
dianion.’®" This reduction can be reversed by oxidation with
oxygen. Employing this property, it could be shown that a PDI
chromophore which is linked to another PDI unit through a
planar acetylene linker could self-assemble in water/THF mixtures
via its extended rigid n-system.'®*> Reduction of this compound in
water/THF mixture resulted in disassembly of the aggregates.
Upon oxidation this process is reversible. Substitution of the
acetylene linker with a bipyridyl linker made the system suitable

o ®
Q O 2 Na,$,0, Q P Na
ot G o O
O 5 O
o o] Air Na O o]
Fig. 9 Oxidation and reduction of the perylene bisimide.
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1.3 Once

to build up a multi-stimuli responsive supramolecular ge
a reducing agent is added, the supramolecular gel converts into a
fluid state due to the charging of the perylene units. The repulsion
breaks up the aggregates and a liquid is obtained. By exposition to
air, the process is reversible again. Also temperature dependent
behavior was observed. At temperatures above 100 °C the gel
collapsed and, in contrast to other gels where a sol-gel transition
is observed at higher temperatures, here, a rapid deswelling was
monitored. This process is of reversible nature. The gel can be very
slowly swelled again over 24 h by cooling to room temperature or
faster by sonication of the gel at 40 °C.

To obtain a higher structural diversity, further metal-ligand
interactions were incorporated to yield a two-level self-assembly
motif.'®* Hereby, the hydrophobic PDI motif was equipped with
a terpyridine moiety were different metal ions can be coordi-
nated. Coordination of Pd in a square-planar complex favored
the formation of tubular structures in water/THF (9:1 v/v)
mixtures via face-to-face stacking (H-aggregates). Via incorpora-
tion of Pt or Ag, the morphologies shifted from vesicular to a
platelet structure, respectively. Kinetically trapped states can be
accessed when additional peptide ligands were attached to the
PDI complexed with Pt.'®® Metastable morphologies could be
observed which strongly depend on the pathway of assembly.
Furthermore, the influence of increased hydrophobicity of the
PDIs and its impact on fiber formation were studied. The
addition of perfluoroalkyl groups to the perylene core and
therefore an enhanced hydrophobicity of the derivative
strengthened the supramolecular interactions in water. This led
to a higher association constant in 75:25 water/THF solution
compared to alkyl chain functionalized derivatives.'®®

When they increased the size of the PEG chains from the
previous DP of 17 to a DP of 44, fiber formation could still be
observed (Fig. 10a). Due to longer PEG chains, the previously
mentioned system of two PDI units which are linked through an
acetylene group self-assembled even in neat water. They proved
that the applied self-assembly procedure is crucial for the type of
aggregates formed. Dissolution of the PEG-functionalized PDI
directly in water favored slipped stacking of the aromatic cores
(J-aggregation; Fig. 10b), whereas the gradual solvent switch from
THF to water promoted face-to-face stacking (H-aggregates;
Fig. 10c). The THF allows for a rearrangement of the building
blocks since it weakens the hydrophobic interactions and thus
enables a higher overlap of the aromatic cores."*" This also
applied to the system consisting of a bipyridyl linker, whose
self-assembly appeared to be dependent on solvent composition,
temperature and the chain length of the PEG exterior."®”

A different type of self-assembly to tubular structures could
be obtained by a much bigger system 9 consisting of a hex-
asubstituted benzene scaffold with three or six amphiphilic PDI
substituents (Fig. 11)."°® They form defined supramolecular
polymers in aqueous medium through pairwise directional
hydrophobic and m-stacking interactions. This should enable
exciton confinement, which is not common for stacked sys-
tems. In contrast to the previously mentioned systems, the
hydrophobic surfaces of the PDIs arranged hereby parallel to
the axis of the resulting polymer (Fig. 11). Each PDI is slightly
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Fig. 10 (a) Chemical structure of PDI 8. (b) CryoTEM of 8 directly
dissolved in water (c = 10™* M). (c) CryoTEM of 8 after 1.5 h at 40% THF
content, evaporation of THF and dissolution in water (c = 10~* M). Adapted
with permission from ref. 141 Copyright (2014) John Wiley and Sons.***

overlapping with a PDI from the neighboring molecule. This
“slipped stack’” leads to tubular aggregates in THF/water (3:7)
mixtures.

Apart from perylenes also smaller aromatic systems such as
naphthalenes are capable of aggregation in one-dimensional
structures if additional non-covalent directional forces such as
hydrogen bonds are contributing to the driving force of the
assembly.'®*~'”> Naphthalene on its own without the hydrogen
bonding sites of the diimide does not exhibit a high enough
driving force to obtain one-dimensional growth. Nevertheless,
the naphthalenes are listed here since the general motif is
structurally similar to the rylene-type molecules.

The naphthalene diimide motif has also been combined
with different polymers such as methacrylates or methacrylamides.
The reported molecules self-assemble in water due to m-stacking
and additional hydrogen bonds from hydrazide or amide linkers.
The amide linker resulted in the initial formation of spherical
micelles, which can transform into cylindrical morphologies upon
aging of the solutions."””*”* More recently, Choisnet et al. reported
NDIs which are equipped with bisurea groups and formed highly
stable and robust self-assemblies (Fig. 12). The fiber formation in
aqueous solution was reinforced by a combination of hydrogen
bonding, hydrophobic interactions, and n-stacking to yield lengths
of ~300 nm (Fig. 12)."”> Nevertheless, always the combination of
the naphthalene unit with additional hydrogen bonding units as e.g.
ureas or amides is necessary to obtain one-dimensional structures.

The rylene structures represent certainly one of the most
prominent motifs in supramolecular assembly, which is also
related to their unique optical and electronical properties.
Despite this success, a limited number of examples for structuring
polymeric units have been reported so far, but we are convinced

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0cc01202e

Published on 16 April 2020. Downloaded by Thueringer Universitats Landesbibliothek Jena on 8/11/2021 12:21:11 PM.

ChemComm

View Article Online

Feature Article

Fig. 11 Schematic depiction of the assembly pattern of compound 9. Adapted with permission from ref. 168 Copyright (2011) American Chemical

Society.168

PEO-NDI-U,

1Y

Fig. 12 Bisurea-functionalized naphthalene-diimide 10 (PEO-NDI-U2)
(n = 38) and possible model of self-assembly into cylindrical structures
in water driven by hydrogen bonds and additional hydrophobic inter-
actions. Adapted with permission from ref. 175 Copyright (2019) Royal
Society of Chemistry.*”>

that further milestones are just a matter of time. In particular, the
latter described naphthalene units often involve hydrogen bonds
to direct interactions, and such hybrid compounds might
represent an interesting approach to merge their interesting

This journal is © The Royal Society of Chemistry 2020

electronic and optical properties with stronger and more directional
interactions, as they are summarized in the following chapters.

3. Hydrogen bond-driven structures
3.1. Benzenetrisamides

It requires only a centrosymmetric attachment of three amide
groups to a benzene unit to create one of the most prominent
supramolecular building blocks often only known by the
abbreviation BTA for benzenetrisamide. The straightforward
synthesis of this hydrogen bond-forming unit certainly laid the
foundation for its success in the field of supramolecular
polymerization.””®7® However, to the best of our knowledge
1D assemblies into SPBs based on the pure BTA motif have not
been reported so far. We still dedicated an individual chapter to this
motif as it clearly inspired the development of the subsequently
mentioned centrosymmetric materials. BTAs can stack above each
other due to the formation of threefold hydrogen-bonds between
the amide groups. Due to the slightly tilted amide groups with
respect to the benzene plane, the hydrogen bonds tend to arrange in
a helical structure (Fig. 13)."7*"%°

Extensive research on low molar mass BTAs has been
performed by the group of Meijer.'®"'8? Apart from their use as
hydrogelators,® even as a photoluminescent one'®® or as air
filtration material'®* BTAs have become famous for their application
as nucleation agents."®'®® More recently, these materials gained
interest in nanomedicine as for instance the cellular delivery of
SsiRNA by positively charged BTAs.'®***2 The mechanism of polymer
growth for BTAs in water is usually of cooperative nature.'#>™
BTAs equipped with bulky 3,3’-diamino-2,2-bipyridine units,
however, demonstrate isodesmic self-assembly behavior in
organic solvent (methylcyclohexane) due to intramolecular hydro-
gen bonding.’**'”” These differences emphasize that small
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Fig. 13 Schematic depiction of the stacking of BTA units due to threefold
hydrogen bonds. Adapted with permission from ref. 176 Copyright (2012)
Royal Society of Chemistry.t’®

variations in structure and solvent can affect the self-assembly
mechanism to a large extent.”® With Forster-resonance energy
transfer (FRET) experiments and stochastical optical reconstruction
microscopy (STORM) measurements, Albertazzi and coworkers
proved a dynamic exchange of the building blocks causing an
intermixing of monomers from different fibers."*®'® Similar
methods were used to study the influence of molecular recruiters
and the exchange rates in multicomponent systems.'*>>*° Another
well-investigated aspect of the BTA assembly is the influence of
chirality and chiral amplification, which follows the so-called
sergeant-and-soldier principle.>*' 2%

Although SPBs based on BTA could not be realized so far,
these motifs were still applied to guide the assembly of poly-
mers. One example is the formation of single-chain polymeric
nanoparticles where the incorporation of BTAs into the side
chain induces a reversible folding of the chain into a spherical
assembly.?**21% The closest to a SPB came from the materials
reported by Mes and Roosma et al. They attached BTAs at the
end-group of poly(ethylene-co-butylene) leading to the for-
mation of phase segregated nanorods in the bulk.>'**'* Further
bulk studies followed, where the BTA unit was introduced in
the middle block of an ABA triblock copolymer.*’* In another
approach, three armed polymers were prepared from BTAs at
the branching point to improve the self-healing properties in
the bulk.>'* Only recently, we analyzed the assembly of such
BTAs attached to polymers in solution.*'®> Our aim was to
evaluate the influence of the composition on the assembly
behavior by variation of the length of the alkyl chains directly
connected to the BTA while keeping the molar mass of the
hydrophilic PEG constant (2000 g mol ") (Fig. 14). In contrast
to our expectations, the BTA units cannot generate interactions
strong enough to promote directional self-assembly into fiber-
like morphologies. A few fibers were observed only when a Cy,
alkyl spacer was introduced between the amide function and
the PEG arms. However, the comparison to a similar-sized
hydrophobic unit lacking the amide groups revealed that this
transition is due to the increased size of the hydrophobic
domain and, therefore, the packing parameter is decisive for
the morphology.

Symmetrically substituted BTAs with pendant polymers were
reported by the group of Vicent. Using the BTA motif as a
BF, salt-based initiator in a ring-opening polymerization of
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Fig. 14 Schematic depiction of the assembly by the different BTA units
(hexyl vs. dodecyl spacer) and the difference in required and available
space for the hydrophobic and hydrophilic domain, respectively. (b) Adapted
with permission from ref. 215 Copyright (2019) Elsevier.?*®
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Fig. 15 Star shaped polyglutamates 11 and their assembly to spherical
objects in water. Adapted with permission from ref. 217 Copyright (2017)
John Wiley and Sons.?"

benzyl-i-glutamate N-carboxyanhydrides results in the formation
of 3-arm star-shaped polyglutamates which can assemble into
larger aggregates in solution. However, only spherical objects
and no anisotropic supramolecular polymer bottlebrushes
could be observed (Fig. 15).2%2"7

3.2. Cjz-Symmetric peptide structures

While the BTA motif might not be suitable for the preparation
of SPBs, the planar centrosymmetric structure represents a
basis for the design of a whole set of materials involving

This journal is © The Royal Society of Chemistry 2020
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multiple hydrogen bond sides created by peptide units, which
we summarize in this chapter.

Interestingly, this modification was initially reported for
symmetric cyclohexane based gelators. In addition, the groups
of van Esch and Feringa could demonstrate that these cyclo-
hexane cores are actually superior to the benzene cores as
they induce gelation in more different solvents and at lower
concentrations.>'®22° Nevertheless, the modification of BTAs
with additional peptide bonds did also result in stronger inter-
actions, improving, for example, the thermal stability of formed
gels in cyclo-hexane and n-hexane.*”' Combining the hydrogen-
bonding ability of peptides and the n-stacking of benzene cores,
the group of Meijer equipped a benzene-1,3,5-tricarboxamide
core with dipeptide fragments and mesogenic groups on the
periphery.®?* This resulted in the formation of stacks in chloro-
form and/or heptane depending on the chirality of the amino
acid residual groups. More recently, the influence of the bulkiness
of the amino acids and the order of the dipeptide sequence
was analyzed.””® An early attempt to control the assembly of
such materials was reported in 2010. The same C;-symmetrical
benzene-1,3,5-tricarboxamide was therefore modified with fluori-
nated r-phenylalanine and connected to a peripheral charged
gadolinium complex. The repulsive Coulomb interactions due to
the charged metal complex counteract the attractive hydrogen
bonds induced by the core and provide a lever to control columnar
aggregation in water.”>* Hereby, the hydrophobic shielding via
solvophobic interactions was later found to be important for the
stabilization of the aggregates in solution.””> Apart from hydro-
phobicity, the self-assembly can also depend on the ionic strength
of the solution. For the gadolinium-functionalized benzene
cores, a transition from isodesmic growth at low ionic strength
to a self-assembly in a cooperative manner at high ionic
strength could be observed.**®

The group of Besenius later used a system of Cs;-symmetric
peptide amphiphiles equipped with pentapeptides.??” They
synthesized two complementary co-monomers with either acid
or basic side groups incorporated in the pentapeptide sequence
(Fig. 16b). Upon aggregation in water, a multi-component

12a/b:
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supramolecular polymer consisting of a 1: 1 monomer ratio will
be formed by Coulomb interaction and hydrogen bonding of the
different co-monomers in an alternating fashion (Fig. 16a).
Changes in pH trigger the disassembly of the aggregates once the
side groups are not charged and the salt bridges are disrupted.*****°

In contrast to the C;-symmetric peptide amphiphiles where
charges are incorporated in the peptide sequence, compounds
consisting of a nonaphenylalanine peptide attached to the
Cs;-symmetrical benzene core (three amino acids per arm) were
reported (Fig. 17). These materials even featured macromolecular
modification based on a Newkome-type dendron. This way, the
exterior was modified with either carboxylate groups or oligo-
(ethylene glycol) units which provide solubility and the possibility
to deprotonate the carboxylic acid groups at lower pH. In water,
one-dimensional aggregates are formed, which can indepen-
dently be tuned by changes of ionic strength or pH. Repulsive
forces due to cationic charges at low pH can be screened by the
addition of salt (NaCl) and resulting in the (re-)formation of one-
dimensional supramolecular structures. Utilizing this frustrated
growth mechanism the mean length of the polyanionic fibers
could be adjusted.?**>%

Similar systems have also been investigated for application in
biomedicine*****” or as multi-stimuli responsive hydrogelators.”*®
Furthermore, a type of layer-by-layer assembly was obtained by
kinetically controlled sequential growth on a gold-coated surface.
This method could pave the way for 3D resolved biomaterials or
optoelectronics.***>*°

Considering the size of the different dendritic modifications
reported so far, these systems should clearly be suitable for the
formation of supramolecular polymer bottlebrushes if linear
polymers are attached to the C;-symmetric peptide motif. However,
only very recently such a combination based on polyglutamate was
reported, which indeed resulted in the formation of supramolecular
polymer bottlebrushes.”** Only the previously mentioned non-
aphenylalanine based motif was able to form rods and fibers
with polymeric side chains (DP 10 or 15), although the charged
polyglutamate necessitated high concentrations or the addition
of salt (Fig. 18). At low concentrations, the molecules behave
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Fig. 16 Schematic depiction of the supramolecular copolymer (a) formed by anionic/cationic B-sheet-encoded dendritic co-monomers 12a/b and
12a’/b’ (b). Adapted with permission from ref. 227 Copyright (2013) John Wiley and Sons.?%”
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Fig. 17 Chemical structure of the nonaphenylalanin amphiphile 13 and schematic depiction of the self-assembly. Adapted with permission from ref. 230

Copyright (2013) Royal Society of Chemistry.2*°
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Fig. 18 Schematic depiction of the self-assembly of star-shaped polyglutamates 14 and the stabilization of the aggregates by the integration of small

hydrophobic drugs. Adapted with permission from ref. 241. Copyright (2020) Royal Society of Chemistry.

like electrolytes. The group of Vicent further demonstrated that
the addition of hydrophobic drugs such as doxorubicin stabilizes
the nanorods on account of their encapsulation in the hydro-
phobic core and consequently reduced the critical aggregation
concentration. Due to their versatility and interesting morphologies,
this class of substances might be promising for application in
biomedicine.

3.3. Linear peptides

Linear peptides have long been known to be able to form
fibrillar structures.”** Even very short peptides, consisting only
of two linked amino acids, are able to form fibers and act as low
molecular weight hydrogelators.>***** For these short oligopeptides
to gel, an additional driving force is required to induce the
assembly, which usually comprises aromatic moieties at their
N-terminus, such as fluorenylmethoxycarbonyl (Fmoc),2*>4®

5090 | Chem. Commun., 2020, 56, 5079-5110
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carboxybenzyl,>*” naphthalene,**®**° or pyrene**° groups (see

also Section 2.3). The aromatic moieties facilitate peptide assembly
in water due to their m-stacking and hydrophobic interactions.
Even single amino acids conjugated to Fmoc>*"*>* or pyrene®>*>>*
moieties have been used as low molecular weight hydrogelators.
Peptide amphiphiles forming B-sheets do not even require
the adjacent aromatic groups to self-assemble in water. Although
many peptides are highly hydrophilic, simple aliphatic chains
attached to the N- or C-terminus are enough to cause the initial
phase separation in water, which further initiates the fiber
formation by the B-sheet-like hydrogen bond interaction.?*> Such
peptide sequences usually contain a domain with a high pro-
pensity to form B-sheets adjacent to the alkyl chain followed by
charged amino acids to prevent lateral aggregation in water. The
amphiphilic character of the peptide favors the location of
the hydrophilic and often charged amino acids at the surface

This journal is © The Royal Society of Chemistry 2020
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Fig. 19 TEM images of (a) AB(10-35) and (b) AB(10-35)-PEGs, conjugate
stained with uranyl acetate. Adapted with permission from ref. 269 Copy-
right (1998) American Chemical Society.?%°

of the resulting aggregates, making them accessible as biological
epitopes®® and appealing for biomedical applications.**”**® The
self-assembly of peptide amphiphiles is significantly influenced by
the molecular structure>****° (hydrophilic/hydrophobic domain
ratio, amino acid sequence) as well as by solution conditions
(ionic strength, pH and temperature).>**%*

The strong propensity of -sheet forming peptides to assemble
into fibrillar structures often imposes a major limitation due to
an irregular aggregation and very limited solubility in water. A
successful strategy to circumvent these limitations is to conjugate
hydrophilic synthetic polymers to these peptides.’®*® This
strategy was first reported in a seminal series of papers by Lynn
and coworkers in which they conjugated PEG with a molar mass
of 3 kDa to the central hydrophobic domain of the amyloid
B-peptide (here: AB(10-35)).>°”>°° This sequence is a major
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component of the plaques found in the brain of patients
suffering from Alzheimer’s disease. The conjugation with PEG
resulted in the formation of well-dissolved fibrillar structures in
aqueous solution as resolved in TEM images. In contrast, fibers
from pristine AB(10-35) tend to laterally assemble into bundles
(Fig. 19).

Further contrast matching studies with SANS revealed that
the PEG chains form a corona around the central peptide fibril,
which acts as a stabilizer preventing the lateral aggregation.
Moreover, the PEG-attachment made the B-fibrillization a
reversible process controlled by pH and concentration. Collier
and Messersmith synthesized a small library of PEG-b-peptides
to examine the impact of the molecular architecture (diblock vs.
triblock) as well as the length of the PEG chain on the aqueous
self-assembly structures.?”°

A limitation in employing long peptide sequences in peptide-
b-polymer conjugates is the tendency of these peptides to
aggregate during standard solid-phase peptide synthesis. The
Borner group was able to overcome this hurdle by introducing
temporary structure breaking defects such as pseudoproline
units and so-called switch ester segments into the primary
peptide structure.>”"*”? In this strategy, the pseudoproline units
introduce conformational kinks in the peptide backbone
whereas the switch ester moieties disrupt the amide backbone.
Together, these temporary structure defects effectively prevent
peptide aggregation. Treatment with TFA transforms the pseu-
doproline units into serine and threonine, reestablishing an all-
trans backbone conformation. Afterwards, the amide disruption
can be reversed and the peptide backbone restored through a
pH-induced O — N acyl transfer, enabling its self-assembly in
water (Fig. 20). Long microscopic fibers were spontaneously
formed due to the strong propensity of the valine-threonine

o
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NHs3
S i v §
N-Thr=Val=Thr=Val-Thr=N
s 1H o
oo

EaHo
15
polymer- switch-
coil segments
. aggregation
peptide- switch —_
segment >

O - N acyl transfer

synthetic polyme

Fig. 20 (a) pH-Induced O — N acyl transfer of the switch peptide—polymer conjugate 15 to the undisturbed peptide 16; (b) schematic illustration of the
pH induced switch and the subsequently enabled conjugate assembly with the resulting SPB in (c). Adapted with permission from ref. 271 Copyright

(2007) American Chemical Society.?”*

This journal is © The Royal Society of Chemistry 2020

Chem. Commun., 2020, 56, 5079-5110 | 5091


https://doi.org/10.1039/d0cc01202e

Published on 16 April 2020. Downloaded by Thueringer Universitats Landesbibliothek Jena on 8/11/2021 12:21:11 PM.

Feature Article

Fig. 21 (a) Scheme of palmitic acid-b-peptide-b-PEG triblock copolymer
that can host drugs and its assembly to fibers. Drug molecule transfer to
BSA is mediated through the peptide interlayer. (b) CryoTEM image of the
triblock conjugate. Adapted with permission from ref. 274 Copyright
(2016) American Chemical Society.?”*

motif to form B-sheets.>’> Besides this, they could also show a
peptide-driven PEG assembly into fibers by rational design of
a pre-organized dipeptide-strand motif, whose initial pre-
organization facilitated the later brush growth.*”?

In a recent publication, the Borner lab reported the potential of
supramolecular peptide-b-PEG bottlebrushes to act as drug delivery
systems with extraordinary high drug payload capacities.””* They
synthesized a palmitic acid-b-peptide-b-PEG triblock copolymer in
which the peptide sequence was chosen after a combinatorial
screening to specifically interact with the incorporated drug, in this
case, m-tetrakis(hydroxyphenyl)chlorin (m-THPC). The triblock
conjugate formed fibers of around 20 nm in diameter and a few
hundred nanometers in length and was capable of incorporating
0.86 mmol of drug per mmol conjugate (Fig. 21). In addition to
its high loading capacities, the peptide sequence also allowed
to regulate the m-THPC release rate and mediated the transfer to
bovine serum albumin (BSA) through the peptide interlayer.

Extensive studies on the self-assembly behavior and structure-
property relationships have been reported by the group of
Hamley. They investigated the impact of PEG-conjugation to
short peptide sequences and their aqueous self-assembly.>”> >80
In 2009, they conjugated PEG with a molar mass of 5 kDa to a
hydrophobic peptide sequence comprising of four phenylal-
anine units.>”® CD and fluorescence spectroscopy measurements
revealed that above the critical aggregation concentration (CAC)
self-assembly in water takes place due to the hydrophobic
interaction between the tetra-phenylalanine (FFFF) segments,
and well-defined B-sheets are developing at higher concentrations.
Drying the conjugates resulted in the formation of macroscopic
spherulites and fibers due to the crystallization of PEG, as seen in
polarized optical microscopy, dry TEM and X-ray diffraction.
The conformational properties of the FFFF-PEG conjugate in
aqueous solution were then studied using quantum mechanical
calculations and atomistic molecular dynamics simulations.***
Backbone-side chain interactions involving the N-H moiety of
the amide groups and the n-electron clouds of the phenyl rings
were identified to play a significant role in stabilizing the
observed conformations in water. Surprisingly, the hydrophobic
FFFF unit as well as the hydrophilic PEG chain organize themselves
rather independently from each other. They also examined the
effect of the PEG molar mass (1, 2, and 10 kDa) on the aqueous
self-assembly of the peptide FFKLVFF, a modified sequence of the
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amyloid B-peptide.>’” As expected, decreased fiber sizes were
observed for increasing PEG-length due to the increased steric
hindrance. Later, Hamley reported the synthesis of several
(hetero)telechelic PEG-conjugates (1.5 kDa) with dityrosine
and diphenylalanine units at both PEG-ends that were protected
with none, one or two Fmoc end-groups and studied the influence
of these subtle structural variations on their self-assembly and
rheological properties.’’® The conjugates with two Fmoc end-
groups were insoluble in water. The dityrosine-conjugate with-
out Fmoc groups was fully water-soluble and did not form any
fibrillar structures, probably because of a lack of hydrophobicity
as supposed by the authors. All other conjugates form fibers in
water as seen via cryoTEM, but only the dityrosine compound 17
with one Fmoc group was able to form a self-supporting hydro-
gel (Fig. 22). Shear rheometry experiments of 17 showed its
thermoresponsive behavior close to body temperature. In a
follow-up publication, Kirkham and coworkers synthesized a
triblock peptide-conjugate consisting of PEG with a molar mass
of 2 kDa and 6 kDa that was flanked at each side by five tyrosine
amino acids.?®* Despite a similar molecular structure compared
to the previously reported study’’® and formation of short
fibrils, no hydrogel formation could be observed, even at very
high concentrations. This shows the significant impact of the
delicate interplay between the molar mass of the polymeric unit
and the length and composition of the peptide segments on the
macroscopic properties.

The same group synthesized a DGRFFF-PEG;;p, conjugate
containing an RGD unit, which is well-known to enhance cell
adhesion.”® Again, fibrillar structures of several hundred nano-
meters were obtained in water, however, no increase in cell-
adhesion was observed. The authors hypothesized that due to

a OH HO,

Fig. 22 (a) Molecular structure of compound 17; (b) hydrogel formation
of 17 in water; (c) cryoTEM of 17 showing the formation of micrometer-
sized fibers. Scale bar represents 200 nm. Adapted with permission from
ref. 278 Copyright (2011) John Wiley and Sons.2”®
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the fibrillar structure the RGD units reside inside the core of the
fibers and, hence, are not accessible for interactions with the cells.

Recently, the group of Besenius reported two studies in
which they synthesized triblock peptide-b-polymer-b-peptide
conjugates that contained pentapeptide segments of alternating
phenylalanine and histidine at each end of the polymer
block.>®*?#* In the first report, polysarcosines of different
lengths were heterotelechelically functionalized with two com-
plementary FHFHF pentapeptide units, that were deliberately
designed to assemble into antiparallel B-sheets.>®* Nanofibers
of an average length of approximately 50 nm length were
obtained in water at neutral pH. However, the histidine moieties
get protonated at pH < 6.0 and CD spectroscopy revealed a
transition from ordered structures towards a molecular disordered
state. In a subsequent study, they compared the aforementioned
conjugates which form antiparallel f-sheets with similar triblocks
but featuring parallel B-sheet forming FHFHF units.”** The latter
conjugates also self-assembled into fibers in water at neutral/
slightly basic pH which can be dissolved at a pH below 6.0.
However, in contrast to the antiparallel f-sheet forming conjugates
from the first study, these materials were capable of forming
hydrogels at solid weight contents of 1.5% w/v. The authors
assumed a physical cross-linking of bridging conjugates between
individual fibers causing the hydrogel formation. The introduction
of methionine units into the hexapeptide FMHMHEF further yielded
PEG-conjugates that were pH- and redox-responsive (Fig. 23a).”%
These conjugates formed spherical aggregates at acidic pH or after
oxidation (Fig. 23b and c), whereas in the reduced state fibers are
present in water at neutral pH (Fig. 23d).

Taking advantage of an enzymatic H,O, formation from
glucose oxidase, the authors were able to tune the rate of oxidation
by adjusting the amounts of glucose oxidase and, thus, the
temporal stability of the hydrogels from 1-12 h.

3.4. Cyclic peptides

Topologically related to linear peptides are their cyclic analogs.
In particular, cyclic peptides (CP) comprising alternating o- and
L-a-amino acids gained considerable interest for their ability to
assemble into nanotubes.?***%” Already in 1974, de Santis et al.
proposed that these CP would adopt a flat ring-type conforma-
tion with all amide groups oriented perpendicular to the ring
plane, but it took until 1993 for these materials to be synthe-
sized and characterized by Ghadiri and coworkers.”*®*%° In
particular the latter was challenging, as the geometric features
(all amide bonds align perpendicular to the plane, see Fig. 24)
enable these peptides to form strong intermolecular hydrogen
bonds by stacking on top of each other, which results in the
formation of almost insoluble large cyclic peptide nanotubes
(CPNT).

Here, we only briefly summarize the key features important
for the formation of SPBs, but an excellent review on different
types of CPs, their self-assembly, and applications was published
by Chapman et al.**° CPs usually consist of 4 to 12 amino acids.
The internal diameter of these CPNT can be easily tailored with
high accuracy by adjusting the number of amino acids per ring.
The perpendicular orientation of the amide groups with regard

This journal is © The Royal Society of Chemistry 2020
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Fig. 23 (a) Schematic representation pH-dependent parallel B-sheet
directed supramolecular self-assembly into nanofibers and oxidation-
induced disassembly; negatively stained TEM images at pH 2.8 (b), at pH
7.4 after oxidation (c) and at pH 7.4 (d). Adapted with permission from
ref. 285 Copyright (2019) Elsevier.2®®

to the ring-plane results in a protrusion of the amino acid side
chains, which allows a functionalization of the outer surface of
the CPNT without interfering directly with the stacking. Besides
the exterior, also functionalization of the inner ring is possible if
y-amino acids are incorporated.”*"**> Applications for CPNT range
from antibacterial®** and antiviral*** agents, electronics,*> 2%’ ion
sensors>**?%° hydro- and organogels®” to transmembrane®** =% or
ion channels.***

Similar to their linear analogs, CP exhibit a very poor
solubility due to a propensity to laterally aggregate into bundles
that can reach widths of 0.5 pm and lengths up to 30 um.”** A
successful strategy to circumvent this limited solubility is the
attachment of polymers to the CP scaffold as first shown by the

Chem. Commun., 2020, 56, 5079-5110 | 5093


https://doi.org/10.1039/d0cc01202e

Published on 16 April 2020. Downloaded by Thueringer Universitats Landesbibliothek Jena on 8/11/2021 12:21:11 PM.

Feature Article

o] o
(R | |
o R RV~ NNU\ ~ NU\ R
RAH F o hll%rk’ YN YT
N— o Holo i
w\( B or Hi o
HN NH R o Ho O K
° Koot~
N N
Rin,.. R ' 3o SRR
- - WYY
HN NH —_— o 0y o
= & 2601 B
R™W~ N < R
N
RT N &l YN YT
s nt oo aY o
o i H oy HY O% HY

Fig. 24 Cyclic octapeptide with alternating o- and L-amino acids (left) and
its assembly into peptide nanotubes formed by intermolecular hydrogen
bonds (right). Adapted with permission from ref. 289 Copyright (1993)
Springer Nature.?®°

groups of Biesalski and Bérner. %% polymer conjugation

to CP inhibits their lateral aggregation and also reduces their
axial growth due to the steric hindrance imposed by the tethered
polymer chains. Furthermore, solubility in various solvents can
be imparted when solvophilic polymers are attached. These cyclic
peptide polymer nanotubes (CPPNT) can either be synthesized by
convergent coupling of polymers to the CP or by divergent growth
of the polymer chain from the CP scaffold.*'® So far, exclusively
cyclic octapeptides were used for the attachment of polymers, as
these demonstrated the strongest self-assembly tendency.>***"*
In recent years, the group of Perrier was particularly active in the
field of CPPNT.*'%?'>** This group demonstrated in several
reports that the attachment of polymers can be used to impart
CP-based materials with additional properties. In this way, CPPNT
were created that are responsive to changes in temperature,*'**"
pH*****%33% and reducing agents.***** In a very recent example,
Song et al. reported CPPNT that showed reversible assembly-
disassembly caused by host-guest interactions.**? To this end, they
synthesized a CP with two phenylalanine moieties attached to
opposite sides of the CP ring. A PEG (5 kDa) was conjugated to
the CP to make it soluble in water. This CP-polymer conjugate
assembled into cylindrical structures in water, but upon addition of
cucurbit[7]uril, a disassembly of the CPPNT is observed, which
is caused by the binding of this bulky macrocyclic host to the
phenylalanine units. Interestingly, the reversible nature of this
host-guest interaction allows a re-assembly of the nanotube, if
the competitive guest 1-adamatanamine is added, which has a
much stronger binding affinity towards cucurbit[7]uril than the
phenylalanine (Fig. 25).

The group of Perrier was also able to show the applicability
of CPPNT as membrane channels®'®3'%:32629:331 anq for drug
delivery applications.>****”**® Larnaudie and coworkers, for
instance, introduced highly potent organoiridium anticancer
complexes to the side chains of the polymers in the CPPNT.**®
The drug-loaded CPPNT exhibited a lower half-maximal inhibitory
concentration (ICsy) than the free drug and the corresponding
linear polymer, which lacked the central CP moiety. In each case, a
similar percentage of iridium entered the cells, indicating that the
low ICs, value of the CPPNT might be the result of a more efficient
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Fig. 25 (a) Schematic representation of the reversible self-assembly of CPPNT
via host—guest interactions. (b) Chemical structures and illustrative symbols of
the cyclic peptide 18, cucurbit[7]uril (CB[7]) and 1-adamatanamine (ADA). Adapted
with permission from ref. 332 Copyright (2019) Royal Society of Chemistry.>%?

mode of action caused by the assembly. The same group also
conducted several systematic studies in which they attempted to
control the length of the CPPNT via the number, length, and
bulkiness of the attached polymer.>'®*'®33¢ Mansfield and
coworkers, for instance, demonstrated that the number of
aggregation and thus the lengths of CPPNT in water were
reduced with increasing number of polymer arms and increas-
ing bulkiness of the attached polymers due to the higher steric
hindrance imposed by the polymer arms.**® This control of
the length of CPPNT is of particular interest in the field
of nanomedicine, where the overall size and aspect ratio of
anisotropic drug delivery carriers has been shown to be of high
importance.**”**® Rho and coworkers provided the first evidence
that CPPNT are highly dynamic assemblies in water in spite of
the strong interaction.**® To prove this, CPs were functionalized
with polymers and complementary dyes, here either cynanine 3
(Cy3) or cyanine 5 (Cy5), which facilitate a Forster resonance
energy transfer (FRET) if brought in close proximity. Upon mixing
the preassembled CPPNT labelled with the respective dyes, a
dynamic exchange of the single building blocks was monitored
by the continuous increase of the FRET ratio (Fig. 26). Such a
dynamic exchange could even be confirmed in complex biological
systems such as mammalian cells, where the individually taken up
CPPNT still mix, if they end up in the same compartments.

In a subsequent study, Rho and coworkers reported the
synthesis of supramolecular block copolymers based on a cyclic
octapeptide equipped with two (butyl acrylate),o-b-(dimethyl
acrylamide),, block copolymers on opposite sides of the cyclic
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Fig. 26 (a) Schematic illustration of the performed FRET experiment:
separately assembled CPPNT with either Cy3 or Cy5 dyes are mixed
and start to dynamically exchange single building blocks resulting in
mixed CPPNT in which Cy3 and Cy5 dyes are in close proximity to
each other. Excitation of the donor (Cy3), followed by the FRET to the
acceptor (Cy5) and the acceptor emission. (b) Corresponding fluores-
cence donor (Cy3) and acceptor (Cy5) emission upon mixing of the
CPPNT. Adapted with permission from ref. 325 Copyright (2017) John
Wiley and Sons.>2°

peptide ring.*** The inner hydrophobic butyl acrylate block stabi-
lized the hydrogen bond driven self-assembly in water significantly
compared to a control molecule lacking the hydrophobic block.
Whereas the control CP reached a plateau in the FRET ratio within
60 min, the CP equipped with block copolymers needed 7 days.
Even after this prolonged time span, only a low degree of mixing of
41% was achieved, suggesting that the differently labelled CPPNT
are not fully mixed. To prove if discrete sections within the CPPNT
remain unchanged, stochastical optical reconstruction microscopy
(STORM) was applied. As can be seen in Fig. 27 the CPPNT after
mixing consisted of differently colored sections as opposed to
yellow sections in the case of a complete molecular mixing which
are the origin of FRET.

3.5. Urea-based building blocks

The direct comparison of a single amide bond with a urea
group gets to the heart of why these units become frequently

This journal is © The Royal Society of Chemistry 2020
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Fig. 27 (a) Schematic illustration of mixing differently labelled CPPNT that
do not fully mix due to their slow dynamics. (b) Corresponding STORM
image showing CPPNT with discrete sections (red and green). Adapted
with permission from ref. 334 Copyright (2019) Springer Nature >**

applied in supramolecular chemistry. The symmetric arrangement
featuring two hydrogen donors (N-H-group) allows a bidentate
binding towards neighboring carbonyl groups or simplified a
higher number of hydrogen bonds per molecule.**® In addition
to the strong interaction, these materials are intriguingly straight-
forward to synthesize by the addition of amines to isocyanates,
which certainly paved the way for their success in supramolecular
chemistry. Among the first materials utilizing the strong hydrogen
bond formation are gelators which can be as simple as N,N'-
dimethylurea.**°**! Most commonly, bis-urea compounds are
used, because they show enhanced cooperativity in their aggre-
gation compared to building blocks consisting of only one urea
group. Consequently, the formation of short oligomers triggers
the development of large fibers in a cooperative fashion similar
as previously described for BTAs (see Section 3.1). However, the
final design of the molecules is rather versatile, which is why we have
chosen to represent it by a generic structure motif (Fig. 28).>**73*
The group of Bouteiller revealed that the orientation of bis-
urea groups forming a bidentate interaction with neighboring
molecules is one of the favorable motifs for the formation of
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Fig. 28 Interactions between two bis-ureas and possible structures of
rigid or flexible linkers.
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Fig. 29 Possible supramolecular arrangements of 2,4-substituted bis-urea
19 (bis-ureas are depicted as dumbbell shape with dotted lines representing
the hydrogen bonds between the urea groups) with a monomolecular (a) or
trimolecular (b) cross-section. Adapted with permission from ref. 350
Copyright (2005) American Chemical Society.>>°

one-dimensional aggregates in the case of a rigid linker.***~>*

In particular, several variations of a 2,4-substituted toluene bis-
urea unit have been studied in detail. It could be shown, that
these molecules can form different supramolecular structures
in solution depending on the solvent, temperature and composition
(Fig. 29).>*””*° The methylene group of the rigid toluene linker
introduces asymmetry and prevents the lateral aggregation or
crystallization, which is crucial to maintain the distribution of
the individual assemblies or fiber structures, respectively, for
their application as gelators.**®

Apart from benzene cores, also cyclohexane derived urea-
functionalized compounds or ureas linked by alkyl chains were
able to induce gelation.>*®*4*345351 pyrther reports even
increased the number of involved urea groups, as for example
in Cs;-symmetrical benzene- or cyclohexane tris-ureas which
even induce gelation in polar solvents such as ethanol.**' For
more detailed information on motifs for low molecular weight
gelators, we refer interested readers to some comprehensive
reviews on the topic,'80:342:3527355

So far only a few of the above-mentioned structures have
been used to create supramolecular bottlebrushes, but despite
their low diversity the urea motifs are certainly among the most
commonly examined materials for this purpose and many
interesting correlations were discovered. The applied structures
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Fig. 30 Schematic overview of aromatic (left) and aliphatic (right) urea
motifs used to prepare supramolecular polymer bottlebrushes.

can be divided into the more rigid 2,4-substituted toluene (or in
some cases xylene) derivatives and bis-ureas linked by aliphatic
units (Fig. 30). As for both systems, the term ‘sticker’ is commonly
used, we like to distinguish between them by calling the first
aromatic bis/tris/tetra-ureas and the other aliphatic bis-ureas.

In the early attempts to introduce polymers, aromatic bis-
ureas have been combined with polyisobutene (PIB). Due to
strong self-association of the urea motif and the good solubility
of PIB in organic solvents, the resulting supramolecular polymer
bottlebrushes featured a dynamic backbone. In very polar solvents
such as THF no aggregation was observed. However, for solvents of
lower polarity (e.g. chloroform, toluene, and heptane), self-
assembly occurred due to the decreased interaction with the
hydrogen bond-forming ureas. Mixing these polymeric building
blocks with matching low molar mass aromatic bis-ureas®*”
enabled a control of the average number of PIB chains per self-
assembling unit.?*°

As the steric repulsion of the polymer chains still prevents
the formation of long fibers, a straightforward approach was the
increase of interaction strength to overcome this energetic penalty.
Therefore, three urea groups were combined to form an aromatic
tris-urea motif, which resulted in much longer supramolecular
polymer bottlebrushes (Fig. 31).**” In more detail, the PIB arms
have to adapt a stretched backbone conformation if they are
confined within the SPB, which is unfavorable for the overall
entropy of the system. In the case of the aromatic bis-urea motif
20, the enthalpic gain by the hydrogen bonds was not sufficient to
account for this entropic penalty of the polymer arms. Aromatic
tris-ureas 21, on the other hand, formed additional hydrogen
bonds and therefore compensated this effect which finally results

Fig. 31 Formation of supramolecular polymer bottlebrushes of different
length depending on the usage of bis- or tris-urea-functionalized poly-
mers. Adapted with permission from ref. 357 Copyright (2013) American
Chemical Society.®”
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in large supramolecular brushes with a persistence length
exceeding 300 nm.

This control over the length of the supramolecular polymer
bottlebrushes with careful choice of the polymeric side chains
could also be demonstrated with polystyrene chains.>*® In
general, the self-assembly strongly depends on the nature of
the monomer and the degree of polymerization of the poly-
meric side chain. With a higher degree of polymerization, the
steric demand is increased and the anisotropic aggregates
become shorter. The bulkiness of the monomer itself is also
decisive for the length of the resulting bottlebrush, as it has
also been reported for the previously mentioned cyclic peptide
nanotubes (see Section 3.4).>*® Comparing isobutene to the
much bulkier styrene as monomer of the polymeric side chains
decorating a tris-urea motif, the latter monomer gave much
smaller bottlebrushes than the ones made of PIB. Similar to the
previous reports, Fonteneau et al. synthesized aromatic bis- and
tris-urea units modified with ATRP-initiators which were used
to polymerize n-butyl acrylates.>*° Only the strong interaction of
the aromatic tris-ureas initiated the formation of SPBs with
poly(n-butyl acrylate) side chains in toluene confirming the
previous assumptions. Based on these investigations, even
more sophisticated control of the microstructure was achieved
with PS-b-PIB block copolymers where the aromatic tris-urea
unit was inserted between the blocks. Patchy supramolecular
polymer bottlebrushes were obtained in cyclohexane by phase
segregation of the PS and PIB domains.’®® Only very recently,
further details on the key criteria for fiber-like assembly were
discovered by the groups of Colombani and Bouteiller. Therefore,
both the polymer length and the distance of the polymer arms to
the aromatic tris-urea motif were varied using different aliphatic
spacers (Fig. 32).>° While all combinations with a large polymer
(DP = 30) formed spherical particles in toluene, shorter oligo-
styrenes of DP 10 were able to form rods in combination with

\\ //

Self-Assemblyin Toluene

¢ e -G
B U ——

Fig. 32 Self-assembly behavior of tris-urea compounds N1, S1p and Lyg in

toluene depending on the spacer length. Adapted with permission from
ref. 361 Copyright (2020) American Chemical Society.®*
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long (L) or short (S) spacers, whereas the first also gives the
longest aggregates. Interestingly, a direct conjugation (no spacer,
N) of this very same polymer to the aromatic tris-urea unit also
interfered with the rod formation and resulted only in spherical
aggregates. These findings emphasize the need for separation of
the bulky polymer from the urea groups to enable efficient
hydrogen bonding.

The influence of spacer units becomes particularly important
if water is used as solvent. Water itself forms strong hydrogen
bonds with urea groups and consequently interferes with their
ability to stack. Using oligo(ethylene glycol) units as solubilizing
side chains, Obert et al. revealed that the presence of hydro-
phobic spacers of sufficient lengths is crucial to obtain fibers in
water, as they can act as shields for the hydrogen bonding
units.>** For the compounds with large spacers, long fibrillar
objects were obtained in water which confirmed the presence of
hydrogen bonds between the urea groups. As the diameter of
the fibers was larger than for the structures in acetonitrile, the
authors further concluded on an additional lateral packing of
the unimers due to hydrophobic interactions in water (Fig. 33).
In toluene, however, only rather short fibers are observed, which
was related to the absence of a solvophobic effect or the
formation of intramolecular hydrogen bonds with oxygen atoms
of the oligo(ethylene glycol) chains (Fig. 33c).

Recently, a report by Han et al. proved that such urea-based
supramolecular motifs can self-assemble in water even without
the shielding effect of the hydrophobic alkyl chains.*®® Yet, this is
only possible when the shielding is compensated by an increasing
number of hydrogen bonds. The use of a large aromatic penta-urea
motif PEO5U was the key to induce assembly of supramolecular
fibers (Fig. 34). Moreover, this motif even tolerated a rather large
polymer arm (PEG with a DP of 50). Interestingly, the previously
observed lateral aggregation was reduced due to the lack of
hydrophobic interaction. Decreasing the number of hydrogen
bonds by using a smaller building block of only four urea units
already resulted in a loss of aggregation.

As already mentioned above aromatic as well as aliphatic
ureas were already used to create SPBs so far. An interesting
intermediate between both was the application of semi-flexible
diacetylene bridged bis-ureas. Equipped with OEG arms, these
materials formed fiber-like structures in water, which could
even be covalently crosslinked by photo-polymerization of the
acetylene groups.®*®* However, besides the aromatic units, the
use of flexible alkyl linkers is most commonly reported. The
combination of these more flexible motifs with additional
aliphatic spacers was particularly interesting for the formation
of fibers in water. Pal and coworkers, for example, synthesized
aliphatic bis-ureas comprising OEG side chains, an alkyl spacer
of 10 methylene units for sufficient hydrophobic shielding, and
variable aliphatic linkers between the urea groups (Fig. 35).¢°
The authors demonstrated that compounds with 3, 4, 6 and 7
methylene units as linker were able to build fibers in water. Longer
alkyl linkers, however, resulted in precipitation, which emphasizes
the impact of the additional hydrophobic interaction.

A promising attempt to employ such aliphatic ureas for
the assembly of SPBs in water was presented by the groups of

Chem. Commun., 2020, 56, 5079-5110 | 5097
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Fig. 33 Aggregation pattern of 22b in water (a), acetonitrile (b) and toluene (c). Adapted with permission from ref. 362 Copyright (2007) American
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Fig. 34 (a) Chemical structure of PEO5U. (b) Schematic depiction of the self-assembly of PEO5U. (c) CryoTEM of PEO5U in water (c = 0.5 g L.
Adapted with permission from ref. 363 Copyright (2019) John Wiley and Sons.>%
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Fig. 35 (a) Chemical structure of bis-ureas UnU. (b) CryoTEMof 1 wt%
U7U. Adapted with permission from ref. 365 Copyright (2010) American
Chemical Society.>%°
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Rieger and Stoffelbach. They prepared an urea-functionalized
RAFT-agent to polymerize hydrophilic monomers such as N,N-
dimethylacrylamide, acrylic acid, acrylamide, or 2-(N,N-dimethyl-
amino)ethyl acrylate, which spontaneously formed SPBs in water.
Their results again confirmed the strong influence of the size of
the adjacent polymer as larger DPs inhibited the fiber formation.
ITC measurements proved that the aggregation is enthalpy-
driven and thus the hydrogen bonds are the main driving force
for fiber formation.**® Interestingly, the process could further be
adapted to induce morphology changes in the self-assembly of
amphiphilic block copolymers (Fig. 36).%”

Further work on aliphatic ureas in polymeric building blocks
was conducted by the group of Sijbesma. They even obtained SPBs
with large PEG (DP of 350) chains, which were attached to aliphatic
bis-ureas with rather large spacers and linkers, thus, resembling
an amphiphilic triblock copolymer. Interestingly, also the use of
similar hydrophobic units lacking the urea groups, resulted in the
formation of fibers. However, further tests revealed that the urea
groups significantly increased the strength of interaction between
the molecules.**® These urea-functionalized polymers with PEG

This journal is © The Royal Society of Chemistry 2020
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chains up to 20 kDa could potentially be applied as hydrogels,
due to their interesting rheology behavior, resembling those of
physically cross-linked networks.>*’

3.6. Ureidopyrimidinones

A special class of self-assembling molecules are ureidopyrimi-
dinones (UPys).>°>*7°372 More than twenty years ago, the
formation of stable UPy dimers in chloroform due to quadru-
pole hydrogen-bonding was reported.>”>*’* UPys are mostly
known for their strong dimerization, which is sufficient to even
create long supramolecular chains if bifunctional molecules are
applied. Their association strength (Kgim = 2 x 10’ L mol ) is
not solely due to the high number of hydrogen bonds but also
caused by electrostatic interactions and a preorganization in
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Fig. 37 Self-complementary hydrogen-bonding motif of UPy. Adapted
with permission from ref. 180 Copyright (2004) John Wiley and Sons.*®°

the structure.'® Four-fold hydrogen bonds between donors (D)
and acceptor groups (A) arrange in a DDAA array which is
exemplarily depicted in Fig. 37.

In 1997, Meijer used this functionality as associating end
groups to build up a reversible supramolecular polymer from
bi- and trifunctional ureidopyrimidinones.*”* Via main-chain
hydrogen bonding, a reversible linear polymeric or cyclic oli-
gomeric structure is formed (Fig. 38). They already realized its
potential and designed polydimethylsiloxane with UPy as end
groups exhibiting thermoelastic properties. Also, telechelic
poly(ethylene/butylene), polyethers, polyesters, and polycarbonates
can be modified by this approach to yield better processability
due to a lower melt viscosity than conventional covalently bond
macromolecules.’”® By mixing monovalent compounds, so-
called chain stoppers, with the bivalent molecules, it is possible
to control the DP of the formed supramolecular polymer.*”>?””

Among the first examples that these dimers can form columnar
stacks, was reported for small molecules in dodecane.?”® Whether
continuously linked polymeric columns (Fig. 39a) are formed or
stacks of dimers (Fig. 39b) are present, is quite difficult to elucidate.

Due to their convenient synthesis,”’® UPys were utilized in
several attempts to design new supramolecular materials as e.g.
bioactive scaffold materials for cells****®*! or supramolecular
thermoplastic elastomers.*®*>** The procedure for the synthesis
of the bivalent polymers which should eventually be used as

Fig. 38 Main-chain hydrogen-bonded supramolecular polymer from bifunctional ureido-pyrimidinones.

This journal is © The Royal Society of Chemistry 2020
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Fig. 39 Exemplary illustration of a bivalent UPy and its self-assembly to
polymeric columns (a) or stacks of cyclic dimers (b). Adapted with
permission from ref. 378 Copyright (2003) John Wiley and Sons.>”®

thermoplastic elastomers introduces an additional urea group. Due
to amine end groups, which were activated using 1,10-carbonyldi-
imidazole and coupled to the amino-functionalized UPy unit, urea
groups are present in the polymer.*** Here, not only a main chain
hydrogen bonding of UPy units is present, additionally, the urea
groups favor a lateral stacking into columnar assemblies (Fig. 40).

Apart from the use in thermoplastic elastomers and hence in
bulk, UPys also showed self-assembly into columnar aggregates

P

UPy monomer UPy dimer

American Chemical Society.*8
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385 The monovalent UPy motif 24,**® depicted in
Fig. 41, has furthermore found application in the delivery of
siRNA. By synthesizing the UPy 24 with an additional urea group
and solubilizing hepta(ethylene oxide) chains, a molecular building
block was generated, which could be functionalized with dyes or
cationic moieties for complexation of siRNA. Through simple
mixing of differently functionalized monomers (Fig. 41a 1, 2
and 3), a multifunctional system was produced that was able to
complex and deliver siRNA into cells (Fig. 41b). Via two pathways,
a 34% reduction of the targeted mRNA expression could be
achieved, demonstrating its potential as siRNA delivery system.
Gelation of a bivalent UPy system (Fig. 42) could furthermore
be induced by kinetic trapping of self-assembled dimers of 25 in
stacked columnar phases.*®” UPy 25 was present in its monomeric
state in hot chloroform. Upon slow cooling of the solution, a low-
viscosity solution was formed, caused by the formation of linear
chains. If external stimuli such as shaking or stirring were applied
while cooling, a weak gel consisting of stacked aggregates was
obtained. Stirring for time ranges longer than three hours
enforced this stacking and resulted in the formation of a strong
gel. Heating of the gels created stable low viscosity solutions that
could be reversibly converted into strong or weak gels again.
A mechanism was postulated by the authors in which the breakage
of urethane-UPy interactions by mechanical stress results in the
formation of nuclei consisting of stacked dimers. These nuclei are
stabilized by their intermolecular hydrogen bonds between the
urethane groups and induce the growth of larger structures (Fig. 42).
If polymers are attached to the UPy unit, increased dynamics
could be observed.*®> A low molar mass monovalent UPy 26
formed long fibers in water, whereas the end-functionalization
of a PEG chain with two UPy motifs 27 resulted in the formation
of shorter fibers with an increased exchange of monomers
monitored via FRET (Fig. 43). The polymer chain had a destabilizing
effect on the assembly of unimers resulting from sterical hindrance
and entropic effects.
By simply mixing of monovalent low-molar mass and polymeric
bifunctional UPy compounds, Kieltyka and coworkers were able to

in solution.

Nanofiber

Stack
Fig. 40 Aggregation pattern of UPy end groups (blue) and urea (red) functionalized polymers 23. Adapted with permission from ref. 383 Copyright (2011)
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Fig. 42 Self-assembly of UPy 24 to different morphologies, depending on
the external stimuli. Adapted with permission from ref. 387 Copyright
(2014) American Chemical Society.*®”

modulate the hierarchical interaction of the fibers and thus tune
the hydrogel properties.**® Additional “switching-properties” arose
due 