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Nothing in life is to be feared, it is only to be understood. Now is the time to
understand more, so that we may fear less.

Marie Curie

Nichts im Leben muss man fürchten, man muss es nur verstehen. Jetzt ist es an der
Zeit, mehr zu verstehen, damit wir weniger Angst haben.

Marie Curie

Abstract

Biology uses molecular self-assembly to form structures like the cytoskeleton and cell
wall. The function of these structures is often regulated through chemical reaction
cycles like phosphorylation and dephosphorylation cycles. For example, the ability to
assemble and disassemble can be regulated by one reaction cycle at the expense of a
high-energy chemical reagent like ATP or GTP. Inspired by nature, man-made
chemical reaction cycles that regulate dynamic assemblies have been developed for
imitating behaviors associated to living ones and thereby constructing material with
unique properties. This thesis aims to develop the design rules in chemically fueled
self-assembly with a special focus on the assembly and disassembly.
The thesis starts with an introduction into chemically fueled self-assembly, followed by
an example from biology to elucidate the importance of developing chemically fueled
self-assembly. After, I summarize the man-made chemical reaction cycles developed
to regulate self-assembly and the design strategies to couple those to self-assembly. The
final section of the introduction demonstrates other unwanted possible outcomes driven
by chemical reactions, i.e., precursor assembles before the addition of fuel, a chemically
fueled reaction cycle without self-assembly or kinetically trapped assembly.
In the first experimental chapter of this thesis, i.e., chapter 2, design rules are being
developed to avoid these unwanted outcomes. This chapter demonstrates two
approaches to regulate the chemically fueled self-assembly behavior from the assembly
aspect. When the attractive interactions are rightly balanced with the repulsive
interactions, the result is dissipative self-assembly. However, when the repulsive
interactions are too strong, no assembly will take place in response to fuel. In contrast,
when repulsive interaction is too weak, the assembly is permanent and not dynamic. I
generalize the design rules for various peptides and rationalize the different peptide
behavior in the context of their energy landscapes.
Chapter 4 demonstrates how different disassembly pathways affect the peptides'
behaviors in a chemically fueled reaction cycle. The molecular designs of the peptides
are chosen such that they vary in their propensity to form β-sheets and their solubility.
The peptides behaviors are controlled from almost non-assembly with chemically
fueled reaction cycle, formation of colloids that disassemble when fuel is depleted
(chemically fueled self-assembly), to colloids that transition into fibers as fuel depletes
(chemically fueled kinetically trapped assembly). The different disassembly pathways
are qualitatively understood by the precursor's co-assembly ratio with the product. With
this mechanism, we can tune the time colloids transition to fibers by the amount of fuel.
After these two experimental chapters, I complete this thesis with a concluding chapter
and a chapter which lists my publications.

Zusammenfassung
Die Biologie nutzt die molekulare Selbstorganisation, um ihre Strukturen wie das
Zytoskelett und die Zellwand zu bilden. Die Funktion dieser Strukturen wird oft durch
chemische Reaktionszyklen wie Phosphorylierungs- und Dephosphorylierungszyklen
reguliert. Beispielsweise kann die Fähigkeit zum Auf- und Abbau durch einen
Reaktionszyklus auf Kosten eines hochenergetischen chemischen Reagens wie ATP
oder GTP reguliert werden. Inspiriert von der Natur wurden künstliche
Reaktionszyklen entwickelt, die dynamische Anordnungen regulieren und die
Verhaltensweisen von Lebewesen nachahmen. Dadurch können künstliche Materialien
mit einzigartigen Eigenschaften konstruiert werden. Diese Arbeit zielt darauf ab,
Designregeln in der durch chemische Kraftstoffe angetriebenen Selbstorganisation
aufzustellen. Ein besonderer Fokus wird auf die Assemblierung und die Demontage der
Strukturen gelegt.
Die Arbeit beginnt mit einer allgemeinen Einführung in die chemisch angetriebenen
dissipativen Selbstorganisation, gefolgt von einem Beispiel aus der Biologie, um die
Bedeutung der Entwicklung der chemisch angetriebenen dissipativen
Selbstorganisation zu verdeutlichen. Anschließend fasse ich die künstlichen
chemischen Reaktionszyklen zusammen, die entwickelt wurden, um die
Selbstorganisation zu regulieren. Es wird dabei insbesondere auf die Designstrategien
eingegangen, wie man die Reaktionszyklen an die Selbstorganisation koppelt. Der
letzte Abschnitt der Einführung zeigt andere unerwünschte Ergebnisse, die durch
chemische
Reaktionen
resultieren
können.
Das
sind
beispielsweise
Selbstassemblierungen ohne die Zugabe von Brennstoff, chemisch angetriebene
Reaktionszyklen ohne Selbstorganisation oder kinetisch gefangene Anordnungen.
Im ersten experimentellen Kapitel, d.h. Kapitel 2, werden Designregeln entwickelt, um
diese Szenarien zu unerwünschte vermeiden. Dieses Kapitel veranschaulicht zwei
Ansätze zur Regulierung des chemisch angetriebenen Selbstorganisationsverhaltens
und nimmt dabei Bezug auf den Mechanismus der Assemblierung. Wenn die
anziehenden Wechselwirkungen mit den abstoßenden Wechselwirkungen richtig
ausbalanciert sind, ist das Ergebnis eine chemisch angetriebene, dissipative
Selbstorganisation. Wenn jedoch die abstoßenden Wechselwirkungen zu stark sind,
findet keine Selbstassemblierung statt, obwohl Kraftstoff verbraucht wird.
Wenn die abstoßende Wechselwirkung dagegen zu schwach ist, ist die Anordnung
dauerhaft und nicht dynamisch. Ich verallgemeinere die Designregeln für eine Vielzahl
an Peptiden und rationalisiere das unterschiedliche Peptidverhalten im Kontext ihrer
Energielandschaften.
Kapitel 4 zeigt, wie verschiedene Zerlegungswege das Verhalten der Peptide in einem
chemisch angetriebenen Reaktionszyklus beeinflussen. Die molekularen Designs der
Peptide sind hierbei so gewählt, dass sie in ihrer Neigung zur Bildung von βFaltblättern und ihrer Löslichkeit variieren.

The peptides behaviors are controlled from almost non-assembly with chemically
fueled reaction cycle, formation of colloids that disassemble when fuel is depleted
(chemically fueled self-assembly), to colloids that transition into fibers as fuel depletes
(chemically fueled kinetically trapped assembly).
Das Verhalten der Peptide wird fast ausschließlich von chemisch angetriebener NichtAssemblierung, Bildung von Kolloiden, die sich zerlegen, wenn der Brennstoff
erschöpft ist (chemisch angetriebene Selbstorganisation), bis hin zu Kolloiden, die bei
Brennstoffmangel in Fasern übergehen (chemisch angetriebene kinetisch gefangene
Anordnung), gesteuert. Die unterschiedlichen Zerlegungswege werden qualitativ durch
das Co-Assemblierungsverhältnis des Vorläufers mit dem Produkt beschrieben. Mit
diesem Mechanismus kann die Zeit, in der die Kolloide in Fasern übergehen, durch die
Menge an Brennstoff eingestellt werden.
Nach diesen beiden experimentellen Kapiteln schließe ich diese Arbeit mit einer
Zusammenfassung und einer Liste mit Veröffentlichungen ab.
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Design of chemically fueled self-assembly

1. Design of chemically fueled self-assembly
Self-assembly describes the process in which the disordered components form an
organized structure driven by the interactions between the components themselves.1-5
When the disordered components are molecules, the process is called molecular selfassembly.6 The formation of the molecular self-assembly structures is the result of noncovalent interactions, such as hydrogen bonding, π-π stacking, electrostatic interactions,
hydrophobic effects, van der Waals interactions, and others.4, 6, 7 With these interactions,
various structures can be built, such as fibers8-10, vesicles11, 12, micelles13, 14, and
colloids15. Some essential and common materials can be created, such as liquid
crystals16 in LCD (liquid crystal display)17, 18 and supramolecular hydrogels in
biomedicine.19
Molecular assemblies are vital to life. Bilayer membranes, ribosomes and nucleic acid
transcription machinery are all formed through molecular self-assembly. In some cases,
the assemblies are regulated by the rule of thermodynamics, which occurred in- or
close-to-equilibrium. In other instances, the assemblies are controlled by nonequilibrium self-assembly to support dynamic processes, such as the dynamic exchange
of substance. These functions are governed by kinetics and continuously dissipate
energy with chemical reactions.1 For example, the self-assembly of tubulin is driven by
the hydrolysis of GTP.20 By mimicking such non-equilibrium self-assembly as found
in biology, we can create materials with unique functions, which cannot be achieved in
equilibrium. These unique functions include the ability to self-heal.21 However, most
of the molecular assembled materials developed so far are far from those observed in
biology. It is still challenging to translate such properties into fully synthetic materials.
Furthermore, understanding these out-of-equilibrium behaviors will help us imitate lifelike behavior and help us uncover the origin of life, or even synthesize life from the
bottom-up.
In this chapter, I will introduce what molecular assembly is, including the chemically
fueled self-assembly. I will explain why we focused on chemically fueled self-assembly,
how to design chemically fueled self-assembly and other outcomes in designing
chemically fueled self-assembly.

1
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1.1 Molecular self-assembly
In this section, I will introduce the different types of molecular self-assembly according
to the relative stability of the assembled structure, the building blocks and the
precursors in the energy landscape. From a thermodynamic perspective, the selfassembly can be classified into three categories, e.g., 1. in equilibrium self-assembly
(Figure 1A); 2. out of equilibrium self-assembly (Figure 1B); 3. chemically fueled selfassembly.
Understanding the energy landscape can be one essential step when designing building
blocks to attain desired molecular self-assembly. The detailed description of each type
of assembly will be explained in the following sections.

Figure 1: Schematic free energy landscape of different self-assembly processes. A) Inequilibrium self-assembly; B) Out-of-equilibrium self-assembly: (I) kinetically trapped
self-assembly and (II) metastable self-assembly; C) Chemically fueled self-assembly.

1.1.1 In-equilibrium self-assembly
In-equilibrium self-assembly is the most explored method of creating assemblies.
Scientists have created countless self-assembled materials,22-24 such as the assembly of
metal-organic frameworks (MOF) for gas storage and separation applications,25-27
assembly of liquid crystals in LCD. 17, 18 In-equilibrium self-assembly occurs when the
self-assembled state is in the global minimum of the energy landscape, while the
unassembled building blocks are in a higher energy state (Figure 1A). In other words,
the assembly is a process that gains free energy and thus is thermodynamically favored.4
In the assembly state, the building blocks can be exchanged dynamically with those in
2
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solution, but the rates are equal; therefore, there is no net flow of energy, and the system
can stay stable for a long time.28 The exchange property mentioned above plays a vital
role in the assembly process because this process provides a chance for the system to
find the global minimum, and therefore, the thermodynamically most-favored state.
The rate of exchange is strongly dependent on the strength of the interactions between
the building blocks. For example, spherical micelles assemble with weak interactions
so that the exchange can occur at a relatively high rate.29 In contrast, the bilayer of
phospholipids is formed with strong interactions, leading to orders of magnitude lower
exchange rates and much weaker dynamics.30
Furthermore, the exchange property allows the in-equilibrium self-assembly to change
the assembled structure with external stimuli such as changes in temperature, pH levels,
or adding salt. These external stimuli can change the energy landscape's global
minimum, therefore changing the structure, possibly even leading to disassembly.

1.1.2 Out-of-equilibrium self-assembly
Out-of-equilibrium self-assembly occurs when the assembled building blocks are not
in the lowest state in the energy landscape, but they are at a local minimum state which
is higher than the global minimum (Figure 1B). The assembled building blocks are
trying to find the global minimum as it is the thermodynamically favored state. Thus,
there are two different scenarios: i.e. (I) kinetically trapped assembly and (II)
metastable assembly. The two different assemblies are dependent on the energy barrier
(Ea) that the local minimum state should overcome to reach the global minimum. If the
energy Ea is higher than the energy that the system has (kbT, Boltzmann constant (kb),
and temperature (T)), the building blocks have no chance to exchange with the
surroundings and remain stable in this state, which is called kinetically trapped
assembly. If the energy Ea is relatively low, the energy available (kbT) in the system
can help the building blocks leap from the local minimum to the global minimum. That
means the building blocks can exchange with the surroundings but at a very slow rate,
which we call metastable assembly. For both assemblies, external stimuli such as
sonication and heating may change the original state.31, 32

1.1.3 Chemically fueled self-assembly
The final type of assembly I will discuss is dissipative out-of-equilibrium self-assembly,
which is a process in which the assembly exists out-of-equilibrium driven by the
transduction of energy (Figure 1C). When the energy is a chemical fuel, we call it
3
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chemically fueled out-of-equilibrium self-assembly or chemically fueled self-assembly
as a brief name. Specifically, a precursor resides in the global minimum and cannot
self-assemble. Only upon activation through a chemical reaction is it transferred to an
activated building block that resides in a higher position in the energy landscape. In this
higher state, the activated building block can self-assemble and gains energy upon
doing so. That assembly is thus represented by a local minimum state in the energy
landscape. However, this assembled structure is not stable since another reaction for
deactivation brings the activated building blocks to the precursors.
The fuel-driven self-assembly continuously undergoes this pathway until all fuel has
been converted. When all activated products transfer back to the precursor, the reaction
will stop, and the total system returns to the start global minimum state. If the energy
input is constant, we can assume that the number of activated building blocks will keep
the system in the assembled state.33, 34
In essence, chemically fueled self-assembly is self-assembly coupled to a catalytic
reaction cycle that continuously converts chemical fuel and comprises a minimum of
two reactions, i.e., one activation and one deactivation reaction. In the activation
reaction, a non-assembled precursor reacts or binds with the fuel yielding a product in
an activated state for assembly. Deactivation reaction: the product is intrinsically
unstable and reverts to the precursor. As a consequence, the self-assembly is regulated
by the product concentration. When the activated building block (product)
concentration is above the critical aggregation concentration (CAC), self-assembly
occurs (Figure 2). The driving force of the reaction cycle is the conversion of energy to
waste. Besides the chemical fuel, light can also be used as an energy source. The most
significant advantage of using light as energy is that the waste in this case is heat, which
usually does not interfere with the reaction cycle or assembly process. However,
chemical fuel as energy is more relevant to biology.35

Figure 2: Scheme of a chemical reaction cycle driven by energy.
4
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In the next section, I will introduce chemically fueled self-assembly examples found in
biology and explain why the chemically fueled self-assembly is the focus of this thesis.

1.2 The unique properties of chemically fueled self-assembly
The field of chemically fueled self-assembly is in its infancy. However, biological
examples include the chemically fueled self-assembly of actin filaments, intermediate
filaments and microtubules driven by guanosine triphosphate (GTP)- or adenosine
triphosphate (ATP)-fueled chemical reaction cycles. The hydrolysis of GTP or ATP
kinetically controls the assembly’s dynamic behavior, thus regulating a cell's internal
organization, shape, motility and life cycle.20, 36 As the largest cytoskeletal components,
microtubules are driven by the hydrolysis of GTP and contribute to cell trafficking, cell
signaling, cell division and proliferation.20, 36 As a result, deregulation of microtubule
function can lead to neurodegenerative diseases, including amyotrophic lateral sclerosis,
hereditary spastic paraplegia, Alzheimer's disease, and Parkinson's disease.37, 38
Dynamic microtubules are controlled by the continuous activation and deactivation of
the molecular building block, tubulin. Tubulin is a heterodimer comprising an activated
α- and a β-tubulin. Upon binding with GTP as chemical fuel, the α- and β-tubulin are
activated. With two molecules of GTP bound, each tubulin is activated and the activated
tubulin can form protofilaments by supramolecular polymerization (Figure 3).20 The
microtubules are composed of 13 filaments connected in parallel and transversely to
produce a rigid hollow tube with a diameter of 25 nm.39 Since capping proteins stabilize
the microtubules on one end of the tube, the growth and shrinkage can only occur on
the other end. When the activated tubulin dimer is hydrolyzed from GTP-bound to
guanosine diphosphate (GDP)-bound tubulin, with a delay, the stabilizing cap is lost,
and the microtubules will quickly shrink, known as a catastrophe-phase. When the
activation is faster than the deactivation, the microtubules grow.20, 40 Consequently,
when the GTP is in high or low concentration, the formation of activated tubulin would
be faster or slower than deactivation of the tubulin, leading to the growth or shrinkage
of microtubules. By tuning the GTP concentration, biology can regulate the shrinkage
and growth of microtubules, i.e., with kinetic control. In other words, the assembly and
disassembly are not constant but rely on the concentration of chemical fuels, which is
drastically different from self-assembly under thermodynamic control. This feature
offers unique properties, such as the ability to self-heal damaged microtubules.
Furthermore, the disassembled tubulin can be recycled rapidly and perform a role in
other self-assembled structures. The microtubule self-assembly is a typical example of
5
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chemically fueled self-assembly, in which GTP is used as a fuel to drive the reaction
and control the assembly. In biology, examples like the formation of microtubules
driven by a chemically fueled reaction cycle are numerous. Exploration of this field
helps to increase our understanding of mechanisms in some diseases, and can further
offer a pathway to the synthesis of life and build functional materials controlled in space
and time that are adaptivity or even self-healing. Therefore, scientists have put some
effort into building chemically fueled self-assemblies in recent years, and I will
introduce some of them in the following sections.

Figure 3: The cycle of tubulin assembly and disassembly is fueled by hydrolysis of the
GTP bound to β-tubulin, enabling microtubules to switch between catastrophes and
rescues.20 Reprinted from reference {20} by permission from the Nature Publishing
Group, a division of Macmillan Publishers Limited. Copyright © 2015.
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1.3 How to design chemically fueled self-assemblies
In the previous two sections, I have introduced what chemically fueled self-assembly
is, and why we should focus on it. In this section, the design of chemically fueled selfassembly will be discussed. Firstly, I will focus on the design of chemical reaction
cycles (section 1.3.1). Next, I demonstrate how to couple the self-assembly process to
these chemical reaction cycles (section 1.3.2). I will close with two different strategies
to induce chemically fueled self-assembly, i.e., the charge abolishment strategy and the
transient linker strategy.

1.3.1 Design of chemical reaction cycles
Generally, the chemical reaction cycle comprises two reactions, e.g., an activation and
deactivation reaction. In the activation reaction, the non-assembled precursor is
activated by a reaction with a chemical fuel. In the deactivation reaction, the activated
product reverts to the precursor. The two reactions have to occur in the same conditions,
such as the same temperature, pH level, and solvent. The activation and deactivation
should work independently and avoid side reactions. Furthermore, the background of
fuel consumption should be much slower than the reaction in the presence of
precursors.34, 41 Fuel can play a direct or indirect role in the chemical reaction cycle. In
the direct role, the fuel directly react with the precursor and be transferred to waste. If
it is an indirect role, the fuel will not react with precursors, and not produce waste.42, 43
According to these requirements, in 2010,van Esch and coworkers reported the first
example of dissipative out of equilibrium self-assembly driven by a chemical reaction
cycle.44 During the last decade, chemists, biologists and material scientists have been
inspired to build more dynamic systems, creating more chemical reaction cycles to
drive the dissipative self-assembly. Because of the significant importance of peptide
assembly in biology and material science,45-47 I will mainly focus on reaction cycles
involving peptides as precursors.

1.3.1.1 Hydrolysis of ester driven reaction cycle
As one of the most efficient catalysts, enzymes have been explored by Ulijn and
coworkers to build the transient formation of an amide bond system48, 49 (Figure 4).
They chose one amino acid as a precursor, such as L-tyrosine amide (Y-NH2), one acyl
donor tyrosine methyl ester as fuel to react with the precursor. In the presence of the
7
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digestive enzyme, α-chymotrypsin, the corresponding dipeptide (Nap-YY-NH2) rapidly
formed, liberating methanol as waste in the hydrolysis of the ester. Meanwhile, the
deactivation occurs with the same enzyme, which slowly catalyzes the breaking of the
amide bond in the aqueous media generating the original precursor and a carboxylic
acid as waste. Under the same conditions but without this enzyme, this reaction cycle
cannot work. The chemical reaction cycle can be regulated by changing pH and enzyme
concentration. In a follow-up study, they expand the usability of this chemical reaction
cycle by using different types of amino acid-precursors.49

Figure 4: General scheme of the chemical reaction cycle which is driven by the
hydrolysis of the methyl ester-based fuel (purple). An amino acid (precursor-blue)
reacts with methyl ester-protected amino acid (fuel-purple) in the presence of
chymotrypsin, connecting the two molecules via an amide bond (product-red) and
releasing MeOH as waste. The deactivation is also catalyzed by the same enzyme in
the presence of water. The precursor (blue) is then recovered and the corresponding
carboxylic acid is liberated as waste. Adapted with permission from reference {48}.
Copyright {2013} American Chemical Society.

1.3.1.2 ATP hydrolysis driven reaction cycle
The hydrolysis of ATP, like in biology, is also used as the energy source to drive
chemical reaction cycles.50-57 As an example, I will discuss one of the artificial
examples based on peptide-derivative precursors reported by Hermans and co-workers
8
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(Figure 5).53 For the activation reaction, they use ATP as fuel. The enzyme protein
kinase A (PKA) phosphorylates two serine amino acids on the precursor, in this case, a
symmetric peptide derivative conjugated to a peptide–perylenediimide derivative (PDI).
The activation reaction changes the precursor’s overall charge from +4 to charge neutral
zwitterionic. The change in overall charge induces a change in the morphology of the
corresponding supramolecular polymer. While the precursor (PDI) self-assembled into
relatively short P-helical fibers, the activated state (p2-PDI) assembled in larger Mhelical fibers.
For the deactivation reaction, a second enzyme, λ-protein phosphatase (λPP) is used to
dephosphorylate the product p2-PDI back to the precursor PDI releasing inorganic
phosphate as waste (Figure 5). This elegant example mimics biological behavior to
some degree since phosphorylation and dephosphorylation cycles support many living
behaviors in biology.58 However, the Pi is an inhibitor for the enzyme in the
deactivation of p2-PDI, which means many refuel cycles will slow down even stop the
deactivation. As a result, they built a continuous stirred membrane reactor by a constant
influx of fuel to exchange the fraction time by time.

Figure 5: General scheme of the chemical reaction cycle, which is driven by ATP
hydrolysis. In an enzyme (PKA) catalyzed reaction, peptide-based compound PDI
9
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(precursor-blue) transfers to p2-PDI (product-red) in the presence of ATP (fuel, purple).
The p2-PDI can be deactivated back to the original PDI with the other enzyme (λPP) in
the presence of H2O realizing inorganic phosphate as waste. Adapted from reference
{53} by permission from Springer Nature Ltd., Copyright © 2017.

1.3.1.3 Reduction-oxidation reaction cycles
When designing chemical reaction cycles, redox reactions are also an option to drive
dissipative self-assemblies,59-62 in which the fuel is usually an oxidizing agent while a
reducing agent is required for the deactivation reaction. For example, the Guan group
designed a chemical reaction cycle driven by hydrogen peroxide (H2O2) as an oxidizing
agent for the activation, and dithiothreitol (DTT) as a reducing agent for the
deactivation (Figure 6).63 In the activation reaction, a cysteine precursor is oxidized to
its corresponding disulfide dimer for assembly. In the presence of DTT, the deactivation
converts the disulfide dimer to the original precursor. The chemical reaction cycle is
pH and fuel-concentration sensitive, which allows for the regulation of the reaction
rates. However, the reaction rates are relatively slow in comparison with other examples
reported.

Figure 6: General scheme of the chemical reaction cycle, which is driven by oxidizing
and reducing agents. A cysteine-based compound (precursor in blue) reacts with H2O2
(fuel in purple) to build the disulfide product (red). The deactivation occurred in the
presence of dithiothreitol, which transfers the activated building block to the start

10
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compound. Adapted from reference {63} by permission from the Wiley-VCH Verlag
GmbH & Co. KGaA, Copyright © 2020.

1.3.1.3 Carbodiimide driven reaction cycle
Recently, Boekhoven64 and Hartley65 introduced a chemical reaction cycle driven by
hydration of carbodiimides as a fuel. The source of carbodiimide can be N-cyclohexylN'-(2-morpholinoethyl)carbodiimide-methyl-p-toluenesulfonate

(CMC),

N,N'-

Diisopropylcarbodiimide (DIC) and ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), but the latter is most used. In this reaction, a carboxylate-carrying precursor is
activated and converted to an anhydride or active ester. Meanwhile, the transient
product is deactivated by reaction with water, which means that the deactivation occurs
spontaneously. Furthermore, this chemical reaction cycle can work at a broad
temperature range, compared with the temperature-sensitive reaction cycle using
enzymes. The carbodiimide-driven reaction cycle66-71 has further advantages. One of
which is the fact that the carboxylic acid group is common and abundant that a wide
range of precursors can be used, such as peptides,72, 73 nanoparticles,74 polymers66, 75-78
and small organic molecules.79 This provides an excellent platform for researchers to
explore chemically fueled self-assemblies.80-85
One pioneering example is from the Boekhoven group.64 The authors used fluoren-9ylmethoxycarbonyl-(Fmoc-) amino acids or peptides containing a dicarboxylate group
as precursors. All precursors are dissolved in aqueous buffer at pH 6, a pH value higher
than the precursors’ pKa. Upon EDC addition, a precursor with two anionic carboxylate
groups converts into an uncharged anhydride liberating one molecule of EDU as waste.
The loss of the two negative charges gives the anhydride a chance to self-assembly due
to the lower solubility (Figure 7). I will discuss the assembly process in the next section.
As mentioned above, the deactivation reaction occurs spontaneously since the
anhydride product is intrinsically unstable in water and will hydrolyze to the precursor.
The assembly structure can be regulated by the R group, and the lifetime of the reaction
cycle can be tuned by the concentration of fuel.

11
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Figure 7: A chemical reaction cycle driven by the hydration of carbodiimides. Amino
acids and short peptides containing a dicarboxylic group precursor (blue) react with
carbodiimide fuel (purple) to their corresponding anhydride product (red). The
anhydride spontaneously reacts with water back to the original dicarboxylic acid.
Adapted from reference {64} by permission from Springer Nature Ltd., Copyright ©
2017.
Besides the di-carboxylic group reported by Boekhoven and coworkers, other examples
in the literature applied the same strategy but used a single carboxylic group as
precursors.85, 86 In this case, the consumption of EDC connects, via an intramolecular
reaction, two precursor molecules into an symmetric anhydride. The corresponding
anhydride reverts to the precursor spontaneously by the hydrolysis in water, similarly
to the above example.
As we mentioned above, the hydration of carbodiimides can be used to drive the
formation of anhydrides and also the formation of active esters.87 In the case of the
latter, the chemical reaction cycle requires the presence of a second nucleophile apart
from the original carboxylic acid precursor. The lifetime of the transient product can be
easily tuned over several orders of magnitude. For example, the intramolecular
anhydrides have a 1s to 10 s half-life,64, 79, 88 and NHS-esters have a 100 s of half-life
time,89 while nitrophenol esters can reach 10000 s.90 The short half-lives can be used
for fast responses in molecular machines, while the longer half-lives can be applied for
molecules to nucleate for molecular assemblies.
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Das and coworkers82 reported the formation of activated esters driven by EDC
consumption. In this example, a carboxylate precursor containing a histidine residue
(blue) reacts with a second nucleophile, p-nitrophenol (NP) in the presence of EDC. As
a result, an activated ester (red) is formed which hydrolyze in water to the precursor
(Figure 8).82, 83 It is important to highlight the role of the histidine in this chemical
reaction cycle. The histidine cooperatively catalyzes the formation (playing as a base)
and breaking of the ester bond (shuttling protons and influencing the local pH) during
the activation reaction. The rate of deactivation can be controlled by the pH value, and
the highest activity is at pH=6.5.

Figure 8: General scheme of the chemical reaction, which is driven by EDC. The
precursor (blue) and one nucleophile p-nitrophenol are converted to an ester (red)
driven by EDC. Adapted from reference {82} by permission from the Wiley-VCH
Verlag GmbH & Co. KGaA, Copyright © 2019.
As shown above, scientists have put much effort into developing different chemical
reaction cycles, making it possible to mimic life behaviors and potentially create
functional materials. Based on the reaction cycles, how to create dissipative assemblies
from chemical reaction cycles will be introduced in the following section.

1.3.2 Coupling assemblies with chemical reaction cycles
I have introduced what chemically fueled self-assembly is, why I focused on it, and
how to design chemical reaction cycles that can drive self-assembly. In this section, I
focus on how to regulate assemblies with these chemical reaction cycles. The main goal
13
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is to find soluble precursors and toggle the rate of activation and deactivation to control
the assemblies.
There are two main design strategies in regulating chemically fueled assemblies: 1. The
charge abolishment strategy that transiently negates or decreases precursors’ charges;
2. the transient linker strategy that combines two non-assembling precursors to one
product. The detailed examples will be introduced in the following sections.

1.3.2.1 Two strategies to couple reaction cycles to self-assembly
Researchers have developed multiple reaction cycles that convert chemical fuel into
transiently activate a building block (see section 1.3.1). This raises the question of how
can we couple the formation of assemblies to chemical reaction cycles? In one strategy,
the charge(s) of the precursor are abolished by a chemical reaction cycle, transferring
to a less- or non-charged transient product. The loss of these charges decreases the
solubility of the product and the repulsive interactions between them. In other words,
the increase of interactions leads to self-assembly. The deactivation converts the
product back to the precursor. The re-installment of charges upon deactivation drives
the disassembly and re-solubilize in the solvent (Figure 9A). The second strategy is by
linking two non-assembling components to form a new product during the activation
reaction. The increasing attractive interactions between molecules gives the system
more chance to assemble into the desired structure. In the deactivation, the chemical
bond will be broken from the product and release the precursors. The re-decrease of
interactions will disassemble the structure (Figure 9B). The following section will
describe the design strategies in specific examples.

Figure 9: The strategies to couple a reaction cycle to self-assembly. A) Charge
abolishment strategy that transiently negates or decreases charges of a precursor to
activated building blocks for assembly. B) Transient linker strategy that transiently
combines two non-assembling precursors into an activated product that can assemble.
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1.3.2.2 Charge abolishment strategy
One of the strategies to induce chemically fueled self-assembly is charge abolishment,
which means negation or decrease of the charges from the precursors to the products.51,
64, 72

The less- or non-charged products tend to assemble due to the loss of repulsive

interactions. From the product to precursor, the appearance of charges in molecules
leads to a re-increase of repulsion interaction, thus disassembly.
Boekhoven and co-workers64 used the charge abolishment strategy converting a
dicarboxylic precursor into a less- or non-charged anhydride using EDC as fuel (see
section 1.3). The differences in precursor design induced different types of selfassembly in response to the addition of fuel. For instance, when fuel was added to a
solution of Fmoc-D (D stands for aspartic acid) in an aqueous buffer, the precursor was
activated to its corresponding anhydride and assembled into spherulites (Figure 10Bleft). As an application, the transient assembled spherulites are used as self-erasing inks
(Figure 10C). The time of the temporary message encoded with the assemblies can be
controlled by fuel concentration. Similarly, when Fmoc-E (E stands for glutamic acid)
is used as a precursor, the EDC fuel drives the formation of colloids instead (Figure
10B-middle). One interesting behavior of this peptide is the self-protection mechanism
during the deactivation process found when the anhydride is located in the colloids. The
deactivation process, in which hydrolysis only occurs in solution but not in the colloids,
follows a zero-order rate.91 With increasing forming beta-sheet propensity, Fmoc-AAD
(A stands for alanine) formed fibers with the addition of fuel EDC (Figure 10B-right).
The fibers consecutively entangle to form hydrogels, and the lifetime of the hydrogel
can be controlled by the EDC concentration as observed by rheology (Figure 10D). To
sum up, the authors created different transient assembled structures and functional
materials by using the charge abolishment strategy.
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Figure 10: Dissipative self-assembly driven by EDC. A) List of precursors used to form
different assembled structures. B) Confocal micrograph of transient self-assembled
structures formed upon fuel addition. C) Fmoc-D assemblies used as temporary inks.
D) Representative rheology time sweeps of Fmoc-AAD hydrogels when using different
EDC concentrations. Solid lines represent the storage modulus (G'), dashed lines
represent the loss modulus (G''), and arrows indicate the crossover point. Adapted from
reference {64} by permission from Springer Nature Ltd., Copyright © 2017.

1.3.2.3 Transient linker strategy
The other possible strategy is the transient linker strategy. In this case, two nonassembled components are combined when activated by one chemical fuel.48, 49, 63, 79, 85
In some cases, the precursor can combine with itself, and in other cases, the precursor
is connected with the fuel or with a second nucleophile. The product can interact
stronger with each other in comparison to the precursor, leading to the formation of
assemblies. In the deactivation, the linking bond is broken and the precursor is released
resulting in disassembly.
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In an early example, Ulijn and co-workers48 designed a chemical reaction cycle driven
by the hydrolysis of ester and catalyzed by an enzyme (Figure 11A). They used the nonassembled Y-NH2 as a precursor, and an ester compound acyl donor tyrosine methyl as
fuel. In the presence of an enzyme, NAP-YY-NH2 was produced by combining these
two components. In the presence of the same enzyme, the amide bond in the product is
hydrolyzed to produce the original precursor. The stronger interactions in the transient
products led to the assembly of a transient gel (Figure 11B). The gel formed after 1 min
and transferred back to a transparent solution after 8 h. The fibers formed in a large
amount at 30 minutes and disassembled after 8 h (Figure 11C). The amount of enzyme
can control the hydrogel lifetime from 1000 minutes to 200 minutes. However, the
system can only be refueled three times, after which the product could not reach the
critical gelation concentration (CGC). The author assumed it was related to the
accumulation of Nap-Y-OH leading to the yield reduction.

Figure 11: Dissipative self-assembly driven by hydrolysis of the ester. A) A brief
reaction of the precursor Y-NH2 to product NAP-YY-NH2. B) Photographs of the gel
of Nap-YY-NH2 at 1 min, 1 h, 3 h, 5 h, and 8 h after the reaction. C) AFM photographs
of the assembly structure at 30 min, 3 h, 5 h, and 8 h (scale bar, 2 μM). Adapted with
permission from reference {48}. Copyright {2013} American Chemical Society.
Another classic example that used the transient linker strategy is the one already
mentioned in section 1.3.1.3 reported by Guan and co-workers.63 The oxidizing agent,
H2O2, was responsible for the linkage between two precursors leading to one transient
disulfide-based peptide (Figure 12A). The product can assemble into fibers, and lead to
the formation of a transient transparent hydrogel. After all products reverting to the
precursors, the hydrogel converted back to a solution (Figure 12B). The dynamic
growth and shrinkage of fibers can be observed from confocal laser scanning
microscopy (CLSM) (Figure 12C), which is very similar to the observation in van Esch
and coworkers’ work.92 These fibers’ growth and shrinkage driven by chemical fuel are
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reminiscent of the formation and degradation of the microtubules driven by GTP, which
is described in section 1.2.

Figure 12: Dissipative self-assembly driven by H2O2. A) brief reaction of the precursor
to the product. B) Photographs of the gel of Nap-YY-NH2 at 0.1 hr, 1 hr, and 12 h after
fuel addition. C) CLSM photographs of dynamic assembly of fibers over time. Yellow
solid circles indicate growing fibers are, and red dash circles indicate shrinking fibers.
The scale bar is 20 μm. Adapted from reference {63} by permission from the WileyVCH Verlag GmbH& Co. KGaA, Copyright © 2020.
The example previously mentioned from Das and coworkers (section 1.3.1.3
carbodiimide-driven reaction cycle) is also an example that can be included in the
present section. In this case, the linkage between the precursor and the second
nucleophile (NP) is responsible for the assemblies’ formation.

82, 83

The precursor

(Figure 13A) is an amphiphilic molecule that contains a carboxylic group, necessary
for the carbodiimide reaction cycle and a histidine residue that plays a key role in
catalyzing the formation and rupture of the ester bond. In the activation reaction, the
histidine plays a role as a base to push the alcohol and carboxylic acid to form an ester.
The formation of ester upon fuel addition between the precursor and the second
nucleophile results in self-assembly. In the deactivation reaction, it serves a catalytic
role to shuttle protons and influences the local pH, prompting the hydrolysis of the ester
bond. Right after the addition of EDC, a hydrogel forms from the solution and
transitions to the solution after 30 minutes (Figure 13C). Amyloid-like fibrils can be
observed from TEM after the addition of EDC but significantly decrease with time
(Figure 13D). Notably, there is no ester formation if the histidine is replaced by
phenylalanine, proving the histidine group's catalytic effect. In the deactivation reaction,
the presence of assemblies is crucial for the catalytic role of the histidine. The
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cooperative effect of the proximally located histidine in the assemblies is responsible
for the catalytic activity of such an imidazole group in the hydrolysis reaction.
This elegant example shows not only how the chemical reaction cycle can control the
assembly formation but interestingly also how the assemblies can influence the
chemical reactions involved. They also choose another histidine peptide derivative
Ac-H17LVFFA21E-NP as a precursor (Figure 13B), the addition of EDC leads to the
formation of the ester bond with 4-nitrophenol. The esters also formed amyloid-like
fibrils structures (Figure 13E). Varying the concentration of the precursors and
nucleophile NP can result in different lifetimes of the transient gels. Finally, they tested
the electrical transport properties of the amyloid network from this system. They found
a transient enhancement current density corresponding to the assemblies (Figure 13F).83

Figure 13: Dissipative self-assembly driven by EDC. A, B) List of peptides precursors
used for assembly. C) TEM of C18H as precursor after fuel addition at different time
intervals. D) Images of C18H in the presence of NP and EDC in different periods. E)
TEM of Ac-H17LVFFA21E as precursor after fuel addition at different time intervals. F)
Schematic representations of devices prepared by drop-casting the ester product of
different time points. A, C and D adapted from reference {82} by permission from the
Wiley-VCH Verlag GmbH & Co. KGaA, Copyright © 2019. B, E and F adapted from
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reference {83} by permission from the Wiley-VCH Verlag GmbH & Co. KGaA,
Copyright © 2020.

1.4 Other outcomes driven by chemical reactions
We have discussed different strategies to create chemically fueled self-assemblies, and
the unique properties have been described. However, some other outcomes can occur
when designing self-assemblies. For instance, the precursor self-assembles before the
addition of fuel, or assembly does not occur upon activation, or the assembly can remain
kinetically trapped even after all the fuel is depleted. The last one represents one of the
biggest problems when designing chemically fueled self-assemblies. Here I explain the
mechanisms for having these unwanted outcomes rather than chemically fueled selfassembly from an energy point of view and illustrate the different scenarios with
examples reported in the literature.

1.4.1 Energy landscape for other outcomes
In the first scenario, the precursor self-assembles without the fuel addition (Figure 14A).
Before the addition of fuel, the low solubility of the precursors or the strong interactions
between the molecules result in assemblies. In the energy landscape, the molecules pass
from a higher position to the local minimum state to assembly (discussed in section
1.1.1.). Another usual situation is chemically fueled reaction cycle without selfassembly (Figure 14B). It occurs when even after the addition of fuel, the product is not
able to self-assemble and remains in solution. In this situation, although the fuel is
added to the system, the precursors try to overcome the energy barrier to a higher
position in the energy landscape, but the fuel input is insufficient to help the building
blocks do that. As a result, the molecules stay in the global minimum state. The last
common scenario typically observed when designing chemically fueled self-assembly
is the kinetic trapping of the assembled molecules. It is similar to the kinetically trapped
self-assembly described in section 1.1.2, but the difference is the fuel input. The
addition of fuel helps the precursors from a global minimum state to occupy a higher
energy position in the energy landscape. The activated building block would gain
energy when moving to the assembly state, which is in a local minimum state, but after
the fuel depletes, these activated building blocks cannot revert completely to the
precursor state, resulting in a kinetically trapped assembly. That is to say, the product
molecules are kinetically trapped in the assembly (Figure 14C). In most scenarios of
chemically fueled kinetically trapped assembly, the activated building blocks can
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transfer back to the precursors, but there is one lower energy barrier to the local
minimum state, in which the activated building blocks will drop into the lower energy
barrier rather than the local minimum state. Although all products change to precursors,
part of the precursors will be kinetically trapped in the assembly (Figure 14D).

Figure 14: Schematic free energy landscape of different self-assembly processes in one
chemical reaction cycle. A) Precursor self-assembles. B) Chemically fueled reaction
cycle without self-assembly. C) Kinetically trapped self-assembly (Product). D)
Kinetically trapped in self-assembly (Precursor).

1.4.2 Precursor assembles
One of the possibilities is that precursors assemble directly before the addition of fuel.
It is one significant assembly, but also one outcome that scientists would like to avoid
when designing chemically fueled self-assembly.
One example is from Haldar’s work.85 The transient linker strategy is used in their work,
which connects two molecules of benzyloxycarbonyl-L-phenylalanine to one product
for assembly. However, the precursor (Figure 15A) was not well-soluble in the solvent
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(10% DMSO in H2O). Above 4 mg mL-1, the precursor formed a gel without the
addition of fuel (Figure 15B), as further proved by the strain sweep experiment (Figure
15C). At the microscopic level, the formation of the spherulites is confirmed. The way
to solve this problem concerning the assembly of precursors, is to decrease the
concentration of the precursors or change the solution environment. In this example,
when the author tried to decrease the precursor concentration below 4 mg mL-1, the
peptide was still not completely soluble, and precipitates formed.

Figure 15: Benzyloxycarbonyl-L-phenylalanine assembly before the addition of fuel.
A) The structure of benzyloxycarbonyl-L-phenylalanine. B) Photographs of the gel
formation before the addition of fuel. C) Strain sweep experiment of the hydrogel from
the precursor (the black line represents G’ and the red line G’’). D) FE-SEM
photographs of the precursor dried hydrogel. Adapted from reference {85} by
permission from The Royal Society of Chemistry, Copyright © 2021.
Hermans and co-workers also reported an example in which the precursor assembles53.
Precursor PDI transfers to the transient p2-PDI product in this system and the process
is regulated by phosphorylation and dephosphorylation reactions (Figure 5). However,
the precursor PDI can also assemble into supramolecular polymers, which is confirmed
by ultraviolet-visible-light spectra. While the precursor (PDI) self-assembled into
relatively short P-helical fibers, the activated state (p2-PDI) assembled in larger Mhelical fibers. The addition of fuel to this particular dissipative system reorganizes the
supramolecular assemblies rather than driving the system from solution to a selfassembled state.
In Das’s cooperatively catalysis system, they showed that when they chose precursors
as Ac-K17LVFFA21E-NH2 (KE) and Ac-K17LVFFA21L-NH2 (KL) (Figure 16A and
16B) in 10:1 ratio respectively and dissolved them in 20% v/v DMSO/water, the
precursors can assemble to fibrils without any fuel addition. These fibrils grow and
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entangle over time (Figure 16C) and after 24 hours, they form a self- a self-supporting
gel that stands for days (Figure 16B).83

Figure 16: KE/KL (10/1) assembly before the addition of fuel. A) The structure of KE
and KL. B) equilibrium amyloid polymerization. C) TEM of the mixture of KE and KL
at different time intervals. Adapted from reference {83} by permission from the WileyVCH Verlag GmbH & Co. KGaA, Copyright © 2019.

1.4.3 Chemically fueled reaction cycle without self-assembly
Besides the situation that precursor assembles before the addition of fuel, non-assembly
after the fuel addition (chemically fueled reaction cycle without self-assembly) is also
very common in the design of a chemically fueled reaction cycle.
One example is from Ulijn and coworkers. They reported the non-assembly in the fueldriven reaction cycle (Figure 17A).49 They use the transient linker strategy that
combines two peptides to one tripeptide with stronger interactions to assembly (Figure
17B). A range of precursors X-NH2 (X=tryptophan (W), leucine (L), valine (V), serine
(S), threonine (T)) has been tested. They are all well-soluble in sodium phosphate buffer
at pH 8 (Figure 17C). After adding fuel and enzyme, the corresponding products are
not detected, indicating the transient products are either of a very short existence and
immediately hydrolyzed or are not generated. As a result, all of these precursors showed
no gelation (Figure 17D). Only when the precursors were changed to F-NH2 and YNH2 (where F stands for phenylalanine and Y for tyrosine), the appearance of assembly
into fibers was detected.
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Figure 17: Peptide showed no assembly after the addition of fuel. A) One brief reaction
scheme of the precursor amino acid with the ester to one tri-peptide. B) Structure of R
group in the amino acid as precursors. C) Photograph of different amino acids in
response to the ester fuel and enzyme. Adapted from reference {83} by permission from
the Wiley-VCH Verlag GmbH & Co. KGaA, Copyright © 2015.
In one work from Das group,82 histidine-based compounds and nucleophile 4nitrophenol (NP) are dissolved in the solvent, the addition of EDC and catalysis of
histidine will drive the formation of ester for assembly. However, adding EDC cannot
result in the assembly when the precursor is C2H (Figure 18A). This is proved by the
weak signal in CD spectra (Figure 18B) and no network from TEM (Figure 18C).

Figure 18: Peptide showed no assembly after the addition of fuel. A) Peptide structure
of C2H. B) CD spectra of C2H (non-assembly) and C18H (assembly)in the presence of
EDC and NP. C) TEM of C2H in the presence of EDC and NP. Adapted from reference
{82} by permission from the Wiley-VCH Verlag GmbH& Co. KGaA, Copyright ©
2019.
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1.4.4 Chemically fueled kinetically trapped assembly
Kinetically trapped self-assembly can seriously damage the dynamics of chemically
fueled self-assembly, and the unique properties of materials such as self-healing and
adaptivity will lose. As a result, it is one result that scientists would like to avoid in
research of chemically fueled self-assembly. In one case, the transient product cannot
completely transfer back to the precursor after fuel is depleted; thus, part of the structure
cannot be disassembled. The product is kinetically trapped in the assembly.
In Ulijn’s work48, a transient linker strategy is used to create chemically fueled selfassembly. When using the precursor as Y-NH2, they successfully get the dissipative
assembly described in the last section (Figure 19A). However, when the precursor
change to F-NH2, only one -OH group less, the product NAP-YF-NH2 can form but
cannot completely transfer back to the precursor. After fuel depletes, 30 % of the
product is still in the system, which is kinetically trapped in the gel (Figure 19B).

Figure 19: Peptide showed no assembly after the addition of fuel. A) One brief reaction
scheme of the precursor Y-NH2 and F-NH2 to product NAP-YY-NH2 and NAP-YFNH2 respectively. B) Reactions of Nap-Y-OMe (black line) with F-NH2. Adapted with
permission from reference {48}. Copyright {2013} American Chemical Society.
In a final unwanted scenario, after the consumption of all fuel, all of the products
transfer back to the precursors, but the available thermal energy cannot overcome the
strong interactions between precursors, leading to the precursor remaining kinetically
trapped in the assembly. Only heat, sonication and some other extra stimuli have
chances to rescue the precursors from kinetically trapped state to solution.
One example of precursor remaining kinetically trapped in the assembly is from EDCfueled chemical reaction cycle. When the non-assembled precursors are Fmoc-AVD
and Fmoc-AVE (Figure 20A), even if all of the transient products have been deactivated
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back to the precursors, some precursor remains kinetically trapped in the assemblies.
This kinetic trapping is caused by the precursor molecules not having sufficient energy
to disassemble from the fibers. From a macroscopic level, these two peptides form
hydrogel upon application of fuel, and after fuel depletion, the assembled gel becomes
weaker. However, some gel can still be observed, where the precursor is still in the
assembled state (Figure 20B). From the microscopic level, there is no assembly from
both precursors before the addition of fuel. After 100 mM of fuel addition, the fuel
drives the precursors to their corresponding anhydrides, leading to the assembly of
fibers. After 24 h, when all of the anhydrides transfer back to precursors, assembled
fibers decrease significantly, but some of the precursors are still kinetically trapped in
fibers (Figure 20C and Figure 20D). Only when the author tried to change the amino
acid from valine (V) to alanine (A), the decrease of interactions avoid Fmoc-AAD and
Fmoc-AAE to kinetically trap.

Figure 20: Chemically fueled kinetically trapped assembly from two peptides as
precursors. A) The brief reaction cycle of Fmoc-AVD and Fmoc-AVE to their
corresponding anhydrides. B) Rheological time sweeps of gels formed by Fmoc-AVD
and Fmoc-AVE precursor in response to EDC. The solid line represents the storage
modulus (G’), the dashed line represents the loss modulus (G’’). C) Confocal
micrographs of Fmoc-AVD (C) and Fmoc-AVE (D) before, 10 minutes and 24 hours
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after addition of 100 mM EDC. All scale bars are 10 μm. Adapted from reference
{64}by permission from Springer Nature Ltd., Copyright © 2017.

1.5 Conclusion and Outlook
In order to understand biological self-assembled behavior, uncover disease mechanisms,
synthesize life from the bottom-up, and further create artificial materials with unique
properties, scientists have invested much attention into chemically fueled self-assembly.
With the basic principles from biology, many chemical reaction cycles based on
peptides have been developed, e.g., ester-driven, ATP-driven, H2O2-driven,
carbodiimide-driven reaction cycles, and others. Several strategies have been
developed to couple the chemical reaction networks to the formation of assemblies. The
abolishment of charges upon activation and the transient linker strategy that combines
two molecules are the most common ones. Some exciting behaviors have been explored.
The formation of assemblies can also influence the rates in the chemical reaction cycle
either through catalysis73, 82, 83 or by protecting the product from reaction with water 64,
79, 91, 93
. Preliminary applications of these unique materials have also been developed,
including self-erasing inks,64 self-expiring labels,81 and others. However, the strategies
that scientists have developed are still not sufficient. When designing chemically fueled
self-assemblies, the researchers encounter several issues usually not desired. The
precursor can self-assemble before the application of the fuel or not assemble at all even
though a sufficient amount of fuel is added. In other cases, especially when considering
the formation of fibers, the assemblies can remain kinetically trapped when fuel is
depleted and therefore, the unique properties of dissipative assemblies are often lost.
In conclusion, there are still many hurdles to overcome in order to design the perfect
dissipative system with which we can mimic the unique properties of their biological
counterparts.
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2. The aim of this thesis
Life demonstrates ubiquitous far-from-equilibrium assemblies, which are kinetically
controlled. Examples include self-assembly of tubulin through the hydrolysis of GTP
(fuel) as described in chapter 1.2. Inspired by biological behavior such as the dynamic
microtubules, researchers developed synthetic counterparts and mimicked artificial
non-equilibrium materials. This has led to exciting new properties that include the
ability to tune the material’s property in space and time by gradients of reactants,
described in chapter 1.3. As concluded from chapter 1, although this field has seen
significant development, existing designs sometimes fail because the precursor
assembles before fuel addition, or the addition of fuel does not induced self-assembly,
or the assembly remains kinetically trapped after fueling, which has been discussed in
1.4. As a result, Most of these examples are serendipitous discoveries because there are
no clear design rules. Furthermore, as described in chapter 1, the activation for
assembly and deactivation for disassembly proceed through two different pathways for
the chemically fueled self-assembly. As two important steps, scientists mainly focus on
the activation step, while disassembly has so far not been studied in much detail.
The first aim of this thesis is to develop design rules in the chemically fueled selfassembly. The second aim of this thesis is to awaken researchers' attention to
disassembly in the fuel-driven dissipative self-assembly.
In chapter 3, I demonstrate two approaches to control the chemically fueled selfassembly of peptides by molecular design. In one approach, the attractive interactions
between peptides are tuned by increasing the number of isoleucine (I) in the peptides,
allowing to toggle the fuel-driven behavior from no assembly, chemically fueled selfassembly to precursor self-assembly. In another approach, the repulsive interactions
between peptides are tuned, resulting in similar control. The rules of altering the ratio
of attractive to repulsive interactions between peptides can be generalized for other
peptide sequences. Furthermore, these findings are explained by the energy landscapes
of self-assembly.
In chapter 4, the importance of disassembly in fuel-driven assembly is demonstrated. I
designed four similar peptides. The molecular designs of the peptides are chosen such
that they vary in their propensity to form β-sheets and their solubility. In response to
fuel, the more soluble ones form colloids that disassemble when fuel is depleted.
However, the more hydrophobic and less soluble ones form colloids that transition to
fibers as fuel depletes. The different disassembly pathways are qualitatively understood
by the ratio of co-assembly of the precursor with the product. With this mechanism, the
time that colloids transition to fibers can be controlled by the amount of fuel.
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In conclusion, the thesis aims to develop the design rules in chemically fueled selfassembly concerning both the assembly and the disassembly process. With these design
rules, I aim to help this field efficiently design fuel-driven dissipative self-assembly and
morphology control.
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3. Regulating chemically fueled peptide assemblies by
molecular design
Abstract
The past years have witnessed the development of chemically fueled self-assemblies.
Inspired by the self-assembly of microtubules by hydrolysis of GTP and formation of
actin bundles by conversion of ATP, different chemical reaction cycles and assemblies
have been explored, e.g., formation of fibers, droplets, vesicles, liposomes, micelles.
However, these exciting discoveries cannot conceal the lack of the design rules behind
the chemically fueled self-assemblies. It is still very challenging to efficiently design
these dynamic behaviors.
The focus of this work is to generalize the design rules from molecular design. In this
work, The peptides' behavior can be toggled by molecular design from no assembly,
chemically fueled self-assembly to permanent self-assembly. Specifically, the fuel used
in this reaction cycle is 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC). A
molecular precursor reacts with the high-energy molecule (EDC) to form anhydride,
spontaneously deactivated to the precursor simultaneously. The design rules are the
balance of attractive interactions and repulsive interactions.
In one approach, the amount of attractive interactions between peptides Ac-F(I)n-D is
tuned. The attractive interactions were tuned by the number of isoleucine units, i.e., not
self-assemble (Ac-FID-OH) and transiently self-assemble to hydrogel in response to
EDC (Ac-FIID-OH) or self-assemble to permanent hydrogel without EDC (Ac-FIIIDOH). These rules can be generalized for Ac-FVnD-OH (n = 1, 2, 3 or 4).
In the other approach, the repulsive interactions between peptides are tuned. The
addition of salt can decrease the repulsive interactions, i.e., with the addition of salt, the
non-assembled peptide (Ac-FID-OH) can undergo self-assembles into transient
hydrogel; the dissipative self-assembled peptides (Ac-FIID-OH) will change to selfassembled hydrogel without fuel. In contrast, increasing the repulsive interactions by
introducing a second carboxylate at the N-terminus helps the permanent hydrogel (AcFIIID-OH) change to transient hydrogel in response to fuel. Furthermore, all these
findings are explained in the context of the energy landscapes of self-assembly.
In summary, The simplicity of the peptide design and reaction cycle allows creating
some general rules for the self-assembly behavior in response to fuel.
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4. Morphological transitions in chemically fueled selfassembly
Abstract
Molecular self-assembly has been a powerful bottom-up method for the construction of
materials, so-called supramolecular materials. The liquid crystal display and hydrogels
for biomedical applications are marvelous examples. Biology also uses molecular selfassembly for its structural components like the cytoskeleton and cell wall. The function
of these structures is regulated through chemical reaction cycles. These operate out of
equilibrium at the expense of chemical energy like ATP or GTP. In that kinetic regime,
the structures have unique properties and could be of particular interest for the field of
supramolecular materials. Therefore, fantastic progress has been made in the last five
years to develop synthetic counterparts, and peptides have been particularly fruitful
building blocks. However, most research has focused on how chemical reactions can
induce self-assembly, and disassembly is expected to follow spontaneously.
Spontaneous disassembly is not always the case.
This work demonstrated how disassembly in a chemically fueled reaction cycle varies
between seemingly similar peptides and assemblies. Specifically, I present four similar
peptides but with a different disassembly pathway, leading to different morphology
transitions, Ac-FIVD-OH and Ac-FILD-OH assemble to colloids and disassemble to
the solution, but Ac-FVVVD-OH and Ac-FIVVD-OH also assemble to the colloids and
disassemble to fibers. Furthermore, the morphology transition time can be controlled
by the fuel concentration. The mechanism is explained by the increasing of the ß-sheet
propensity of precursors and the decreasing tendency of solubility, which resulted in a
different ratio of anhydride co-assembly with the precursor. Our findings demonstrate
that assembly and disassembly should be taken into account in chemically fueled selfassembly. This is an important finding since disassembly is critical to creating dynamic
assemblies but is not often considered in designing chemically fueled assemblies.
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5. Conclusion and Outlook
The overall aim of this thesis was to develop the design rules for a chemically fueled
self-assembly with a focus on both the assembly and disassembly processes. The
assembly behavior can be toggled between one chemically fueled reaction cycle
without self-assembly, chemically fueled self-assembly, chemically fueled kinetically
trapped self-assembly, and precursor self-assembles before the addition of fuel. I also
introduced the notion that different disassembly pathways can induce morphological
transitions.
In the first chapter, I introduced what chemically fueled self-assembly is and why I
focus on it. Furthermore, I described how to design chemical reaction cycles and the
strategies to couple these reaction cycles to assemblies. The general strategies are the
charge abolishment and transient linker strategy. Finally, based on these strategies, I
discussed unwanted outcomes that cannot be avoided in the design of chemically fueled
self-assemblies. As a result, in chapter 3 and chapter 4, I specifically focus on the
toggling of molecular assemblies from design rules.
In chapter 3, I demonstrate a new family of peptides coupled to the EDC-driven reaction
cycle. The simplicity of the peptide design and reaction cycle allows creating general
rules for the self-assembly behavior in response to fuel. Three possible behaviors are
demonstrated: the peptide does not assemble, it assembles in a chemically fueled
dynamic manner, or it assembles without fuel. In the molecular design of the peptide
library I introduced, the attractive interactions can be controlled by the number of
isoleucine (I) amino acids. In contrast, the repulsive interactions between peptides can
be adjusted by introducing aspartic acid (D) amino acids in the peptide sequence or by
adding salt to the system. As a result, the peptide’s behaviors can be tuned by the ratio
of attractive to repulsive interactions, and these design rules can be generalized to other
peptide sequences. These behaviors can be understood by the context of the free energy
landscape of self-assembly. Future work should investigate further nuances in these
energy landscapes to probe other dynamic behaviors such as kinetic trapping or
dynamic instabilities.
In chapter 4, four similar peptides are designed and their self-assembly is regulated by
the EDC-driven reaction cycle. All peptides are assembled into colloids upon fuel
addition but show a completely different disassembly pathway. In one case, the colloids
disassemble and dissolve in water when the fuel depletes. In the other case, the colloids
transition into fibers that remain kinetically trapped long after all fuel is depleted. The
mechanism is explained by the increasing propensity to form beta-sheet and decreasing
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solubility. Understanding the mechanism provides a chance to control the time that
colloids transition into fibers by the amount of fuel added to the precursor solution.
These findings highlight the importance of considering the disassembly pathway when
designing new chemically fueled self-assembling systems.
In conclusion, this thesis demonstrates the development of design rules in the
chemically fueled reaction cycle. With these design rules, I anticipate more chemically
fueled self-assembly can be designed efficiently to help understand biological
behaviors and develop more functional materials. Further research should pay more
attention to the disassembly process in designing dissipative self-assembly.
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6. Further publications
Besides the two publications reprinted above, I contributed to one more publication.
The following is a full list of the publications during my Ph.D.
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2. Kun Dai, Marta Tena-Solsona, Jennifer Rodon Fores, Job Boekhoven.
Morphological transition regulated by chemical fuels[J]. Nanoscale 2021
3. Kun Dai, Jennifer Rodon Fores, Caren Wanzke, Benjamin Winkeljann, Alexander
M. Bergmann, Oliver Lieleg, Job Boekhoven. Regulating Chemically Fueled
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14142-14149.
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