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Es war einmal, (what) vor etlichen Jahren
Ein Typ, der in Harvard Professor war, namens Edward Clarke (yeah)
Und wie es damals (iblich war, trug er ei n swaggy Bart

Et cetera, et cetera auf jeden Fall schrieb er einen Bestseller (aha)
Und der war sowas wir sein Lebenswerk

Fiir die damals junge Emanzipation, sowas wie die Gegenwehr

Denn in dem ganzen Buch, sagte er lediglich

Die Frau sollte nicht studieren, weil es flir sie schadlich ist (aha)
Denn dafiir, so viele Informationen aufzunehmen (what)

Sei das weibliche Gehirn einfach nicht ausgelegt (aha)

Und auBBerdem, Frauen die zu viel denken

Wiirden dadurch nur ihr Blut verschwenden (aha)

Und so ihre Gebérmutter zerstéren

Médchen kénnten entweder lernen oder Mutter werden (yeah)
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Nur nicht so kompliziert denken und so (aha)

Vor allem nicht wéhrend der Menstruation

Von diesem Buch hat er eine Menge verkauft

Noch lange nach seinem Tod haben ihm die Menschen geglaubt (yo)
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Abstract

Dissipative or out-of-equilibrium supramolecular self-assembly is a new strategy to
design novel materials. Inspired by nature, where a diversity of assembled structures
is found in energy dissipating states, scientists try to adapt this concept and generate
functional supramolecular materials with the sophistication and complexity of biological
materials. The main strategy towards this concept is to develop a supramolecular
assembly process that function exclusively under the input of energy. That means, a
precursor molecule is activated by a chemical fuel and the yielded product is able to
self-assemble. The product is designed to be intrinsically unstable and spontaneously
revert to its precursor state. Consequently, the assemblies emerge in response to
chemical energy and without energy the self-assembled structure decays. The overall
aim of this thesis is to create new self-assembled structures based on out-of-
equilibrium self-assembly. More specifically, the aim was to study the assembly’s
unique properties and design relevant materials around these assemblies.

Materials like vesicles, colloids, or emulsions are from particular interest because they
create compartments that can be used to enrich or encapsulate a molecular payload.
Using peptide-based precursors and an acid-anhydride-based reaction cycle, vesicles
(Chapter 4) and colloids (Chapter 5) could be realized. The colloids serve as a
hydrophobic pocket, protect the product species, as well as accumulate hydrophobic
material. Excitingly, the kinetics of the deactivation reaction change from first- to zero-
order. This new mechanism is particularly interesting and could successfully
implemented in emulsions (Chapter 6). For the emulsions, simple aliphatic-based
precursors are used that self-assemble upon fuel addition. As soon as oil droplets are
formed, the kinetics of the deactivation change to a zero-order decay. In these droplets,
hydrophobic drugs were encapsulated. Due to the zero-order kinetics and linear
shrinkage of the droplet volume, the drug is release with a constant rate.

Simplifying the system can result in an interesting drug delivery vehicle since systems

with zero-order release profiles are highly desirable in the pharmaceutical industry.



Zusammenfassung

Dissipative, supramolekulare Selbstassemblierung ist eine neue Strategie, um
innovative Materialien zu designen. Inspiriert von der Natur, in der viele Strukturen im
dissipativen, selbstassemblierten Zustand zu finden sind, versuchen Wissenschaftler
dieses Konzept zu adaptieren, um funktionale, supramolekulare Materialien zu
generieren. Eine Hauptstrategie ist einen supramolekularen Assemblierungsprozess
zu entwickeln, der exklusiv unter Energiezugabe funktioniert. Das bedeutet, ein Edukt
wird durch einen chemischen Treibstoff aktiviert und das erhaltene Produkt ist in der
Lage zu assemblieren. Das Produkt ist dabei intrinsisch instabil und fallt spontan
zurlck in seinen Ausgangszustand, dem Edukt. Die assemblierten Strukturen sind also
direkt an die Zufuhr von chemischer Energie gekoppelt und zerfallen ohne diese. Das
Hauptziel dieser Arbeit ist neue selbstassemblierte Materialien basierend auf diesem
Konzept zu kreieren. Im Speziellen ist das Ziel die neuartigen Eigenschaften der
Materialen zu studieren und in relevanten Anwendungsbereichen einzusetzen.
Vesikel, Kolloide oder Emulsionen sind als Strukturen besonders interessant. Sie
bilden Kompartimente aus, die verwendet werden kénnen, um molekulare Ladungen
anzureichern oder einzuschlieRen. Unter Verwendung von Peptid-basierten Edukten
und einem Saure-Anhydride Reaktionszyklus kdnnen Vesikel (Kapitel 4) und Kolloide
(Kapitel 5) realisiert werden. Kolloide, als hydrophobe Kompartimente, kdnnen die
Produkt-Spezies beschitzen und hydrophobe Molekile anreichern. Aullerdem
verandert sich dabei die Kinetik der Ruckreaktion von erster zu nullter Ordnung. Dieser
interessante, neue Mechanismus konnte auch erfolgreich in Emulsionen implementiert
werden (Kapitel 6). Diese Emulsionen werden aus einfachen aliphatischen Molekulen
durch Zufuhr chemischer Energie gebildet. Durch Bildung der hydrophoben OlI-
Tropfchen entsteht ebenfalls eine Reaktionskinetik nullter Ordnung. In dieser
hydrophoben Matrix werden hydrophobe Medikamente eingeschlossen. Aufgrund der
neuen Reaktionskinetik und der darauffolgenden gleichmalligen Verringerung des
Tropfchen Volumens werden diese Medikamente mit konstanter Geschwindigkeit
freigesetzt.

Eine vereinfachte Version dieses Systems kann fur die pharmazeutische Industrie
interessant sein, da dort therapeutische Systeme mit kontrollierter Wirkstoffabgabe

sehr erwlinscht sind.



Abbreviations

A Alanine

AA Acrylic acid

Am Acrylaminde

Ag Silver

Au Gold

a.u. arbitrary units

ADP Adenosine diphosphate

AMP Adenosine monophosphate

ATP Adenosine triphosphate

BCS biopharmaceutics classification system
CAC Critical aggregation concentration
D Aspartic acid

DBC dibenzoyl-(L)-cystine

DMS Dimethyl sulfate

DSA dissipative self-assembly

E Glutamic acid

e.e. enantiomeric excess

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
e.g. exempli gratia, for example

et al. et alii/aliae, and others

F Phenylalanine

Fmoc Fluoren-9-ylmethoxycarbonyl

G Glycine

GTP Guanosine triphosphate

GDP Guanosine diphosphate

HIV human immunodeficiency viruses
HPLC high pressure liquid chromatography
hr hour

i.e. id est, that is

L Leucin

LCD liquid-crystal display

min minute



Nap
PEG
Pi

PKA
APP

sCT
TA
TFA
uv

Vis

naphthoxyacetyl
Polyethylene glycol
Orthophosphate
protein kinase A
A-protein phosphatase
Arginine

Serine

Salomon calcitonin
Tannic acid
Trifluoroacetic acid
ultraviolet

Valine

visible

Tyrosine
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Molecular Self-Assembly

1. Molecular Self-Assembly

'Is anything not self-assembly?”,

a bold question that was asked by Whiteside and Grzybowski in their Science
Viewpoint in 2002. Until today, there is no concrete definition of the term 'self-assembly’
but the authors suggest that the term is limited to processes with pre-existing
components, that are reversible and can be controlled by the design of components.!']
Above all, self-assembly describes a process by which isolated components organize
spontaneously and autonomously in an ordered structure without any human
interaction.?31 In general, this process is not limited to molecules but can occur with
components of any size in an appropriate environment, ranging from molecules to
galaxies.[*® However, the basic concepts were developed with molecules and the

assembling process is best understood and highly developed in this area.l*

Molecular self-assembly is a result of molecules that interact with each other with
generally weak and non-covalent interactions. Typical examples are van der Waals or
Coulomb interactions, and, hydrophobic interactions or hydrogen bonds, as well as
relatively weak covalent bonds like coordination bonds.* ¢71 Importantly, the
interaction leads from a less ordered state to a final more ordered state, e.g., a crystal
structure. Another key aspect is the reversibility of the system. The components need
the possibility to adjust their position within the generated self-assembled structure.
That means, the forces for disruption should be comparable to the strength of the
interaction. The environment of the components has also a strong influence on the
process since the molecules need to be mobile to assemble with another. In solution,

the major part of that mobility is provided by thermal motion.[" 4]

With these conceptual insights in the process, one of the remaining questions is: 'Why
should we be interested in self-assembled systems?'. Molecular self-assembly is
omnipresent in various fields, e.g., chemistry, material science, or biology. Peering in
biology and life itself, lipid bilayers,!®! folding of polypeptide chains into proteins,® or

folding of nucleic acids into their functional forms!'® are just a few examples of complex
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self-assembled structures.l''l That shows, molecular self-assembly has been there
long before it developed in a main topic of scientific interest.'? In nature, an
exceptional diversity of structure and function is found in self-assembled systems that
can be used flexible, efficient, and dynamic.['>'3] |f we want to adapt this complexity
for new smart materials and nanotechnology, or if we want to understand life,

understanding molecular self-assembly is required.!]

The main focus in the following sections is on different types of self-assembly
according to their energy landscapes, from in-equilibrium to dissipative non-equilibrium
self-assembly. Furthermore, | discuss various approaches to create synthetic man-

made reaction cycles that try to mimic biological behavior.
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1.1 Energy Landscapes

Molecular self-assembly can occur through several processes based on
thermodynamic and kinetic stability of molecules, building blocks, or the self-
assembled state itself. A comparison of their thermodynamic and kinetic properties, as
well as their energy landscapes of the Gibbs free energy, helps to understand the
differences between possible types of self-assembly. The main classes that can be
observed are in-equilibrium that is controlled thermodynamically and kinetically
controlled out-of-equilibrium self-assembly. Furthermore, the latter can be divided in

kinetically trapped or metastable states, and dissipative out-of-equilibrium.[4-17]

Free Energy
Free Energy
Free Energy

934y
@&x

Figure 1: Schematic free energy landscape of different self-assembly processes. a) In-equilibrium; b)
Out-of-equilibrium kinetically trapped (l) and metastable (ll); ¢) Dissipative out-of-equilibrium self-

assembly.

Details of the energy landscapes depicted in figure 1 are described in the following

sections with a focus on the concept of dissipative out-of-equilibrium self-assembly.

1.1.1 In-Equilibrium Self-Assembly

Characteristic of in-equilibrium self-assembly is that the self-assembled structure
resides in the global minimum of the energy landscape (Figure 1a). The unassembled
building block is in a state that is endowed with more free energy.[* Thus, the assembly
process is linked to a gain in free energy which is thermodynamically favored.
Reversibility plays an important role as well since self-assembled building blocks need

to be able to exchange with those that are in solution. The exchange occurs with equal
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rates such that there is no net flow of energy, i.e., the assembly is in equilibrium with
its environment.['¥ The exchange of building blocks with its environment allows for a
dynamic system that can self-correct to find the energetic minima and therefore, the
thermodynamically most-favored state.l'> "1 The rate of exchange between the two
states is directly connected to the strength of the dominating non-covalent interaction.
For example, small spherical micelles have relatively weak interactions so that the
dynamics of the system are high and the exchange rates are fast.['8l In comparison,
the bilayer of phospholipids is cohered by stronger non-covalent interactions resulting
in lower dynamics and exchange rates that are orders of magnitude slower.18 1. 19

Self-assembly in equilibrium has been studied extensively and there are countless
examples of published man-made materials that are well-understood and tunable
within every detail.?%-?21 That is one reason why self-assembled supramolecular

materials are already popular and commonly used in the industry.[23-24

1.1.2 Out-of-Equilibrium Self-Assembly

Out-of-equilibrium self-assembly occurs when the structure resides higher in the
energy landscape not in the global but a local minimum (Figure 1b). Reaching the
thermodynamic global minimum would be still favored. That leads to two possible
scenarios, i.e., Kinetically trapped assemblies or metastable assemblies. Their
difference is in height of the activation barrier between the local minimum in which the
assembly resides and the global minimum.['4-19l

In the kinetically trapped assemblies, the self-assembled structure remains in the local
minimum, because the activation barrier is too high to transition to the global minimum
(Figure 1b, state I). In other words, the building blocks are not able to exchange with
the surrounding environment and can thus not reach the global minimum. The
structures are kinetically trapped and have an infinite lifetime in this state. The second
pathway results in a so-called metastable state (Figure 1b, state Il). Here, the energy
barrier is relatively low, so that building blocks can exchange with the surrounding.
They can slowly convert to the thermodynamic state at the global minimum. The local
minimum is an intermediate step with a finite lifetime and is thus metastable. Within
the minimum, the system has really low dynamics and slow to no exchange rates which

means this state is thermodynamically out-of-equilibrium.['6: 2°]
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1.1.3 Dissipative Out-of-Equilibrium Self-Assembly

The final class of self-assembly, | discuss, is dissipative self-assembly (DSA) and the
focus of this thesis. Dissipative self-assembly is also a process that occurs out-of-
equilibrium. In this process, the global thermodynamic minimum is represented by a
precursor (Figure 1c, blue) that does not assemble. In an irreversible chemical
reaction, this precursor can react with a fuel to be converted to an activated building
block for the assembly. That building block has absorbed energy from the chemical
fuel and is thus represented by a local minimum higher in the energy landscape. From
that position, the activated building block can self-assemble since the assembled
structure is in a lower local minimum of the free energy landscape. However, the self-
assembled structures are thermodynamically labile, and this state is thus an out-of-
equilibrium state. A second irreversible chemical reaction reverts the building blocks
to their original state in the global minimum. In this step, the energy that the building
block gains in the first reaction is dissipated in the environment. If the energy input is
constant, the self-assembled state can be maintained in a steady-state, but the system
continuously absorbs and dissipates energy. Stopping the energy influx results in the

complete disassembly of the structure.['4-15 26]

The concept of dissipative self-assembly plays a central role in biology and life, e.g.,
in bacteria swarms, or the replication of the cell components and the following
assembly into another cell during mitosis. Life is a dynamic process: If the energy influx
stops, the cell dies.!": 271 Actin filaments, histones, and chromatin, protein aggregates
in signaling pathways as well as microtubules are just a few examples of critical
structures that use dissipative self-assembly.l'": 1928301 These dynamic materials have
unique properties and are made to possess specific functions. Especially interesting,
besides the possibility to control them in space and time, is that they can adapt towards
environmental changes. For example, if the chemical reaction cycle remains intact the

assemblies can repair themselves after externally applied damage.[4]

Nature has always been an inspiration for scientists and, since most synthetic
materials function in equilibrium,??l studying dissipative out-of-equilibrium analogs
opens up new strategies to unique materials. Synthetic approaches towards self-
assembled structures coupled to reaction cycles have indeed been made.l's 3! |n

these minimalist designs, a non-assembling precursor becomes activated using a fuel
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(Figure 2). That activated product is designed to assemble after reaching a critical
aggregation concentration (CAC), i.e., the self-assembly process cannot proceed
below this threshold concentration of the product. Importantly, the product and thus
the self-assembled structure is inherently unstable such that it reverts to its original
precursor state in a deactivation reaction. The deactivation can be caused by a
reaction with an abundant species or spontaneously through energy dissipation to the

environment.[32-33]

Activation
Naste
x, xp
4y oy ——> &
g @&x
Precursor Product Self-Assembly

Wast:&.z

Deactivation

Figure 2: Schematic reaction cycle coupled to a self-assembly process.

While the focus of this thesis is on dissipative self-assembly driven by chemical fuels,
light can also be used as an energy source. To that extent, UV-light was successfully
used in many dissipative systems, e.g., gelators¥ or the assembly of nanoparticles.°!
Commonly used is the UV-induced isomerization of trans-azobenzene derivatives to
the instable cis-form. Over time, the cis-form reverted to the more stable trans-form by
thermal relaxation. The UV-induced activation and spontaneous deactivation both
generate no waste molecules, i.e., in the back reaction all dissipated energy is released
in the form of heat. That offers a great advantage compared to the chemically fueled
system because many dissipative cycles can be performed and no waste
accumulates.8! In chapter 2.1.1 | discuss a detailed example. Another category that |
discuss in more detail is fuel-driven chemical reaction networks. Here, a high-energy
molecule is used to activate the precursor while producing a waste product. That waste
product tends to accumulate in the reaction mixture and can also result in failure of the
dissipative system."-38] In the next section, | highlight several types of reactions that
have been used to create diverse chemical reaction networks that can induce

dissipative self-assembly.
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1.2 Man-Made Reaction Cycles

The prerequisites for a synthetic chemical reaction cycles that can drive DSA are rather
stringent which could explain why examples remain relatively rare. For example, the
activation and deactivation have to take place in the same environment and under the
same conditions, so external influences like temperature or solvent cannot be
changed. Furthermore, both reactions should work with independent and irreversible
pathways. Additionally, interactions between the different reagents of the reactions
should be avoided to eliminate possible background reactions.['* 311 Despite these
concrete requirements, researchers were able to find functioning chemical reaction
cycles. | will review three exemplary cycles that are based on different chemical

reactions in the next section.

1.2.1 Methylation

The first example of a chemically fueled reaction cycle desigend to drive dissipative
self-assemby was published by van Esch, Eelkema and coworkers.? A methylating
agent as a fuel in the activation reaction to convert carboxylate precursors to their
corresponding methyl esters. The energy dissipating or deactivation reaction is an
alkaline hydrolysis that occurs spontaneously in water and is leading to the acid

precursor (Figure 3).

Activation

s \::O
° 6o
e e
@)LNH S\S/INH ©)J\NH S\S/INH
0] O
O ®O (@) (l)
CH30‘H:\ /

Deactivation

Figure 3: Schematic representation of the reaction cycle. DBC (blue) reacts with two Mel (orange) in
the activation reaction to the corresponding dimethyl ester (red) and two iodide. The deactivation

reaction occurs spontaneously within the alkaline environment producing methanol as waste.

The precursor in the reaction cycle is based on dibenzoyl-(L)-cystine (DBC, figure 3,

blue), which is known to be a pH-responsive self-assembler. In contrast, the esters
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of DBC showed self-assembling behavior independent of the pH,“% which gave the
idea to combine the soluble DBC with an esterification reaction to induce a self-
assembly process. Indeed, in a pH-stat setup at pH 7 and 35 °C, the methylation with
the alkylation agent methyl iodide (Mel) was sufficiently fast to create a self-assembled
gel. The abolishment of the two negative charges and thus, the increased
hydrophobicity of the product (Figure 3, red) was the major driving force of the
assembly. Furthermore, intermolecular hydrogen-bonding stabilized fiber formation.
The alkaline hydrolysis was slower than the formation reaction which is an important
requirement to accumulate sufficient product for self-assembly. As the fuel was
depleting, the hydrolysis rate was higher than the esterification rate and resulted in a
total recovery of the DBC, as well as the complete disassembly of the structure after

350 hours. Excitingly, the gelation could be repeated by adding another batch of fuel.*?]

1.2.2 Phosphorylation

Hermans et al. used a biocatalytic approach to design chemical reaction cycles.
Supramolecular polymers were built from a symmetric peptide derivative as a
precursor. Adenosine triphosphate (ATP) as a fuel and the enzyme protein kinase A
(PKA) were used to phosphorylate the peptide, creating adenosine diphosphate (ADP)
as side product. In an aqueous solution, another enzyme, A-protein phosphatase
(APP), catalyzes the deactivation to the precursor producing two equivalents of
orthophosphate (Pi) (Figure 4).141!

The symmetric peptide derivative (PDI, figure 4, blue) is based on 3,4,9,10-
perylenediimide with the consensus sequence LRRASL (L: Leucine, R: Arginine, A:
Alanine, S: Serine) for PKA. Perylenediimide derivatives are known to self-assemble
due to aromatic stacking interactions, the hydrophobic effect and electrostatic
interactions.*243 The precursor PDI can be phosphorylated on both serine residues
resulting in p-PDI first and then in p2-PDI (Figure 4, red). The dynamic phosphorylation
and dephosphorylation of serine is ubiquitously present in living systems, e.g., to
control chromatin structures or signal transduction and was already successfully
implemented in the design of artificial systems.#4-461 The introduction of two phosphate
groups reduced the overall charge of the molecule and resulted in an almost
zwitterionic p2-PDI which impacted the supramolecular polymer structure. Important

for this dissipative cycle is that the species (Figure 4) are not in chemical equilibrium.

8
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The activation and deactivation reactions are possible through the enzyme-catalyzed
reactions which are two different chemical pathways. The terminal triethylene glycol
groups assure water solubility and increase the accessibility of the target sides for the
enzymes. PDI and p2-PDI are both self-assembling into supramolecular polymers but
with different chirality. With the described reaction network, the group was able to
switch the polymers and their chirality for a defined time period by adding a batch of
fuel. Moreover, they showed a first continuously fueled example with non-equilibrium
steady states. The state of the mole fractions of the different species was sustained in

a continuous stirred tank reactor by a constant influx of fuel.*']
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Figure 4: Schematic representation of the reaction cycle. PDI (blue, depicted half) reacts with PKA
and two ATP (orange) in an enzyme-catalyzed activation reaction to p2-PDI (red) and two ADP
molecules as waste. The deactivation is as well an enzyme-catalyzed reaction with APP and water

back to the precursor and two orthophosphate molecules as waste.

1.2.3 Acid-Anhydride Chemistry

The last reaction network | mention is based on acid-anhydride chemistry and was first
shown by Boekhoven et al.[*’l and Hartley et al.1*8! An carboxylic acid-based precursor
is condensed to its corresponding anhydride by a carbodiimide. Since the anhydride is
intrinsically unstable in an aqueous solution it spontaneously hydrolysis to the acid

precursor (Figure 5).



Molecular Self-Assembly

or o o

o A

Q0 0 o
" OOJJ\/O\/(/\OA}HW/O%OCU [ j
o) o]
=1or2
m=3ord L(\/O\%

Deactivation

Figure 5: Schematic representation of the acid-anhydride-based reaction cycle. Fmoc-protected
peptides (I, blue) or oglio(ethylene glycol) derivates (ll, blue) are fuel with EDC (orange) during the
activation reaction to result in the corresponding anhydrides (red). In the deactivation reaction they

spontaneously react with the solvent water back to the precursor state.

Boekhoven et al. designed a dissipative self-assembly system based on peptide
precursors, e.g., Fluoren-9-ylmethoxycarbonyl-protected (Fmoc-) aspartic (D, n=1) or
glutamic (E, n=2) acid (Figure 5, |, blue). EDC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (Figure 5, orange), activated the carboxylate precursor and converted
them to their corresponding anhydrides (Figure 5, I, red). The reaction produces one
equivalent of the water-soluble urea (EDU) as waste. In its finite lifetime, the anhydride
is able to self-assemble because of its increased hydrophobicity compared to the
precursor. Stacking interactions of the Fmoc-groups and possible hydrogen bonding
between the peptide chains support the self-assembled structure. As mentioned, the
anhydride product can spontaneously hydrolyze in the aqueous solution or even in the
assembly which leads back to the precursor solution. The group showed several self-
assembled structures depending on the amino acid sequence of their precursor.*’]

The same approach was used by Hartley and coworkers. The precursors TEG-Ac
(m=1) and PEG-Ac (m=2) (Figure 5, Il, blue) were fueled with EDC to form a
macrocycle (Figure 5, II, red). The macrocycles were not able to self-assemble into a
larger structure but similar to crone ethers they could be used to capture different ions

in solution.[48!

10
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1.3 Outlook

Molecular self-assembly has been studied extensively in the last decades and
scientists gained vast understanding concerning different concepts and possible
applications. Consequently, static or in-equilibrium self-assembly is commonly used in
material science. But inspired by nature, the focus recently shifted towards dynamic or
non-equilibrium self-assembled systems. Interesting new concepts that mimic
biological non-equilibrium self-assembly were discovered and different chemical
reaction cycles have been described. The approaches, either completely synthetic or
using components from biology like enzymes, brought a great variety of different
structures and materials. Until now, the link between transient man-made materials
and a distinct and unique function as we see it in biology is still missing. A few groups
investigate possible applications that | discuss in the next chapter, as well as potential

areas wherein transient materials would be advantageous.

11
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2. Materials Formed by Dissipative Self-Assembly

The concept of dissipative, non-equilibrium self-assembly that | discussed in the
previous chapters opens up interesting strategies to design supramolecular materials
with unique properties. In this chapter, | will discuss biological examples of dissipative
supramolecular materials in more detail as a blueprint for supramolecular chemists.
Then | will discuss the possible features of transient materials made by dissipative self-
assembly. | will describe in which areas the concept could be already applied and give
reported examples. Furthermore, | will briefly outline the state of the art of controlled
drug delivery platforms focusing on zero-order release profiles and show its

advantages.

12
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2.1 Transient Supramolecular Materials

Supramolecular materials have become popular in material science in recent times.
Using molecular building blocks that interact with each other via non-covalent bonds
offer a promising strategy to create functional materials.??! Established design rulesf?*
49541 and new synthetic methods allowed that it could be included in interesting
applications.l?!- 24 %51 One prominent example are the liquid crystalsl®® in LCDs, but
also block copolymer micelles®®’! to deliver drugs,8-5% or supramolecular polymers(?%
that can help the body regenerate lost tissuel'> ¢ can already be applied in the

pharmaceutical industry.

At the thermodynamic equilibrium, we have an astonishing understanding and ability
to control these materials. We could further exploit this knowledge and attain the
attractive features that we see in the supramolecular materials biology produces.??
For example, some biological supramolecular materials are able to self-heal or self-
replicate.l'” A crucial difference between synthetic and natural systems is that
biological materials often exist out-of-equilibrium. That means, that the function of
these materials is directly related to a constant energy uptake from their
environment.[®'l The source of energy in e.g., living cells is an irreversible chemical
reaction with the high energy molecules nucleoside triphosphates (ATP or GTP). The
cytoskeleton of eukaryotic cells offers several demonstrative examples of a complex
network that are regulated by such higher energy molecules. It contains three types of
fibrillar structures that are constantly polymerizing and depolymerizing at the expense

of chemical energy, i.e., microtubules, actin filaments, and intermediate filaments.['®
61]

Microtubules are hollow, tubular polymers that are formed by laterally assembled
protofilaments. These protofilaments consist of a/B-tubulin dimers bound to GDP or
GTP (Figure 6a). They are the largest assembly in the cytoskeleton and mechanically
stiff but extremely dynamic. Their assembly and disassembly dynamics are regulated
by the chemical activation and deactivation of the tubulin dimers. In the activation step
GTP binds to tubulin to form GTP-bound tubulin as a new building block for
polymerization. The metastable GTP-bound tubulin is able to self-assemble. However,
its self-assembly also catalyzes the hydrolysis to GDP-tubulin soon after incorporation

in the filament. The released energy of the hydrolysis reaction is stored as a
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mechanical strain in the GDP-bound tubulin self-assembly (Figure 6a, blue/green). The
endcap of the microtubule that still contains GTP-bound tubulin acts as a stabilizer for
the microtubule (blue/red). If the microtubules lose the endcap, be it stochastically or
through external stimuli, it rapid disassembles and releases the stored mechanical

strain, which is referred to as the catastrophe.[?8-2°]

The dynamic instabilities of microtubules are essential for a quick reorientation and a
fast search of cellular space, which would be impossible using in-equilibrium self-
assembly. Due to their non-equilibrium nature, the microtubules and their features are
only functional under a constant supply of energy, e.g. the hydrolysis of GTP. Once

the fuel is consumed the microtubules decay completely.®]

o
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Figure 6: a) Schematic representation of microtubule formation?®! b) Concept of dissipative materials;

Properties are directly connected with the addition of fuel.

While assembly and disassembly here coexist, they show the ideal concept of a
chemically fueled, dissipative self-assembly with adaptive properties.*% Transient
supramolecular materials are designed to adapt this concept and create controlled,
dynamic, functional materials. By adding a chemical fuel, molecular building blocks
become activated and self-assemble into the desired material with specific properties
(Figure 6b). That means the material properties can be switched on by adding fuel.
Moreover, the material remains functional as long as fuel is present. However, it
decays after all fuel is consumed such that the material properties are switched off.
The molecular building blocks can be recovered and reused in a new cycle. Being
conceptually new, only a few examples of dissipative supramolecular materials exist.
In the following section, | will give an overview of reported systems with interesting and

promising features.
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2.1.1 Self-Erasing Inks

Materials or inks that store information over a predefined time period are not only
interesting in secure communications but might also be used to reduce the
consumption of traditional paper because it makes it rewriteable. Self-erasing paper or
tickets of public transportation that autonomously erase after their expiration are some
potential applications.?% 62641 Until today, the research for such media is focused on
photochromic molecules. Exposed to light of a suitable wavelength these molecules
isomerize and change color.[%5-671 Embedded in a polymer or gel matrix the writing with
light can be rapid and accurate, as well as works within a suitable timeframe from 16
to 24 hours until it self-erases.[3% 65 67-681 Disadvantages of these materials are that
color-variations are not possible because of only two colors corresponding to the two
states of photoisomerization and a relatively low extinction coefficient. Furthermore,

their tendency to quickly photo bleach is a huge drawback for the reusability.[3% 6
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Figure 7: a) Single Au-Nanoparticles (red) with a mixed monolayer consisting of DDA and frans-MUA
on the surface embedded in an organofilm. Upon UV-irradiation cis-MUA is formed and Nanoparticles
form metastable aggregates with a supraspherical shape (blue). b) The image written on the Au-

Nanoparticle film self-erases in daylight within 9 hrs (exposure through a transparency photomask).[%%!

A conceptually new approach, using dissipative supramolecular materials was shown
by Grzybowski and coworkers using gold (Au) and silver (Ag) nanoparticles that
assemble into aggregates upon UV irradiation.[? 3% The surface of the nanoparticles is

coated with a photo-switchable azobenzene group and the single particles are
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embedded in a thin, flexible orangofilm (Figure 7a). UV-light triggers the isomerization
from the trans- to the cis-azobenzene with a significantly larger dipole-moment.l’% As
a result, metastable, supraspherical aggregates are formed of which the color depends
on the exposure time.> 70731 |n the absence of UV irradiation, the metastable
assemblies fall apart spontaneously and the written image self-erase (Figure 7b). The
erasure time can be controlled by the amount of induced dipole-moments and
accelerated by visible light and heat. Excitingly, the material could be reused several

times.[3%]

PAA gel

b
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Figure 8: a) Schematic representation of the self-erasing medium; Fmoc-D-OH is dissolved in a
polyacrylamide hydrogel. b) Photographs of gel over time. After 600 minutes the gel was rinsed and

reused. The scale bar represents 1 cm."]

Another example of such a self-erasing ink is shown by Boekhoven et al. The peptide-
based system operates with similar principles as described above but is driven by the
consumption of a chemical fuel. Fmoc-D-OH was converted to the corresponding
anhydride by the consumption of a chemical fuel, a carbodiimide (see chapter 1.2.3).
Due to the increased hydrophobicity, the anhydride was able to self-assemble into
large spherulites which change the turbidity of the sample from optically clear to milky.
Embedded in a polymeric hydrogel, the fuel could be applied on the surface of this
polymer material which resulted in a local increase in turbidity (Figure 8a). By the use
of templates, a sharp image could be “written”. Because the spherulites were a
dissipative assembly, the messages would spontaneously self-erase, and the material
could be reused for several cycles, which opens the door for the development of, e.g.,

reusable paper (Figure 8b).[4"]
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2.1.2 Catalytic Reaction Control

Nature often impresses us with elegant and efficient ways to synthesize complex
molecules,!”+7° perform reactions with high selectivity,[’®! and accelerated rates,"’-"8l
or stabilize volatile molecules.[”® Complex self-assembled structures as mentioned in
chapter 2.1, nucleic acid templates to accelerate reaction rates®%-8'l or creating a
specific chirality through an enzyme-catalysis,®2-83 are just a few examples. Until

today, it is a huge inspiration for researchers that is never dwindling.

A fundamental difference between man-made reactions and biological systems is that
chemists typically use molecules free in solution or on an interface while biology uses
the effect of nanoscale confinements. Especially supramolecular chemists were
interested if they can mimic structures that serve as a supramolecular host and bind
smaller molecules in their cavities.®4 The use of self-assembled materials to serve as
a nano-reactor has been studied elaborately, and successful examples include
nanoporous materials,®-81 emulsion microdroplets,’®”l hydrogels,®! or coacervate
droplets.® The reversible dynamic nature of dissipative self-assembly offers new
possibilities to combine temporary materials that allow the accumulation of small
molecules. That would enable dynamic control over chemical reactions and their

catalytic activity. First examples have already been shown.

As an early example of a nano-reactor created by dissipative self-assembly, the group
of Rafal Klajn developed dynamic self-assembling nanoflasks from nanoparticles
based on gold, silica, and magnetite, and a photochemical fuel. The mechanism is
identical to the example of chapter 2.1.1. The surface of the nanoparticles is coated
with a photo-switchable azobenzene group and a UV-trigger leads to the isomerization
from trans- to cis-azobenzene. Due to the larger dipole-moment aggregates are
formed, creating a polar environment in a nonpolar solvent. Polar molecules, like water
or hydrophilic additives, accumulate in this new environment to reduce repulsive
interactions with the solvent (Figure 9a). The dimension of the flask can be tuned by
different diameters of used nanoparticles ranging from 6 nm for gold to 17 nm for silica.
Interestingly, the group showed that it is possible to increase reaction rates and
improve selection within the flask. Several model reactions were tested, e.g., the
hydrolysis of acetal (Figure 9b) or the stereoselective UV-induced dimerization of

anthracene (Figure 9d). Moreover, adding a chiral ligand to the nanoparticles enabled
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the possibility of enantioselective trap phenyl ethanol (Figure 9c). While the
acceleration of the hydrolysis of acetal was modest (Figure 9b, graph), the dimerization
of anthracene showed an impressive two orders of magnitude higher rate in the
presence of dissipative self-assembled nanoparticles (Figure 9d, graph). Crucially,
removing the energy source or applying visible light led to the disassembly of the
nanoflasks and a solution of single nanoparticles. The disassembly process destroyed
the polar environment within the nanoflasks, interrupted the ongoing chemical reaction

in the cavities and confirmed the dynamic control over the chemical reactions.['4 84
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Figure 9: a) Schematic representation of the reversible trapping of polar molecules during the light
induced self-assembly of nanoparticles. b) Hydrolysis of acetal; Light-accelerated hydrolysis (green) in
comparison to no particles (red), no light (blue) and no reagent (orange). ¢) Enantioselective light-
induced trapping of 1-phenylethanol; HPLC traces before (left) and after (right) the trapping. d) UV-
induced dimerization of anthracene derivates; Light-accelerated dimerization with Au-nanoparticles
(yellow) and FesOas-nanoparticles (brown) in comparison to no particles (black) and non-switchable

particles (grey).4

Another example of using dissipative self-assembly to create a transient reactor was
shown by Prins and Coworkers. In the example, the authors were able to design a
dissipative vesicular nanoreactor. C1sTACN Zn?* was used as a precursor (Figure 10a,
blue), consisting of 1,4,7-triazacyclononane with a positively charged Zinc cation as a
headgroup and an aliphatic Cis chain as an apolar tail. Solutions with a high
concentration of the precursor already showed micelle formation but in the presence

of ATP as a fuel, the critical aggregation concentration dropped significantly, and the
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surfactant assembled into stable vesicles with a diameter of 50 to 100 nm. Since the
interactions of C1sTACN'Zn?* with ATP were strong, the vesicles cannot disassemble
spontaneously. However, potato apyrase, an enzyme that can rapidly hydrolyze ATP
to AMP and two molecules of orthophosphate, could be used to induce the disassembly
process.l®l AMP and P; were not able to stabilize the vesicles resulting in the desired
dissociation and completing the transient vesicle formation with a controlled lifetime.
The described cycle (Figure 10a) could be repeated several times by addition of a new
batch of ATP. Furthermore, the apolar vesicle bilayer could serve as a medium for
chemical reactions that typically occur at a low rate in water. For example, the
nucleophilic aromatic substitution between 4-chloro-7-nitrobenzofurazan (NBD-CI) and
1-octanethiol (Cs-SH) was chosen because of the expectation to enrich the reactants
within the vesicle bilayer (Figure 10b). The yields of the substitution were noticeably
higher when the self-assembled vesicles are present. Moreover, higher ATP

concentrations showed increased product formation (Figure 10c).138!
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Figure 10: a) Schematic representation of the dissipative self-assembly of vesicles. b) Model reaction
of Cs-SH and NBD-CI to NBD-SCs. ¢) Conversion over time for the same conditions but varying ATP

concentrations. Black markers show the control experiment without the self-assembled structure.!

These are impressive examples of dissipative nanoreactors that require a
(photo)chemical fuel to maintain their non-equilibrium functionality. Moreover, that are
novel strategies that mimic biological systems and facilitate new possibilities to

synthesize materials or small molecules.
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2.1.3 Transient Hydrogels

Hydrogels are cross-linked three-dimensional polymer networks that can absorb and
contain high percentages of water (up to 90%).°" They can swell, but do not dissolve
in water. Hydrophilic groups, like amino, carboxyl, and hydroxyl, attached to a polymer
backbone give the water-holding capacity while a crosslinked network is fundamental
to retain a solid-like structure, despite being mostly composed of in water. This
combination leads to high flexibility and similarities to natural tissues, which brought
them significant attention for a wide range of applications including healthcare, food
industry, and cosmetics.l%?l Especially, the high water content and the resulting
biocompatibility is favorable over other types of polymeric scaffold and they are thus
frequently applied in the biomedical field.®3! Furthermore, permeability for incursion of
nutrients and excretion of metabolites emphasize the biological character and inspire
researchers for novel biomaterials and bioapplications.l®> %4 Scaffolds for tissue
engineering,® soft tissue engineering,’®® targeted delivery,®”-°81 wound healing,®® or

soft contact lenses!'% are just a few examples for the use of hydrogels in this area.

Hydrogel-based materials could benefit from the temporal control of dissipative
systems. For example, a hydrogel with defined material properties over a certain
lifetime can aid the body in the regeneration of tissue. The material could be
programmed to disassemble in its small molecular building blocks and be disposed of
by the body after a predetermined time. Moreover, the ability of dissipative assemblies
to self-heal would allow the material to repair small damages.['4 641911 Because of the
abovementioned advantages, fundamental studies to develop dissipative hydrogels
have shown promising results. While these examples may still be far from clinical

application, it does demonstrate progress and the potential of such materials.

The first synthetic example of a transient material based on a chemically fueled non-
equilibrium self-assembly process was a hydrogel.?? Van Esch, Eelkema and
coworkers investigated molecular gelators with one to three anionic carboxylate groups
in combination with an ester-forming alkylation reaction (s